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The success of single pole autoreclosure relies on correct 
selection of the faulted phase and hence on the ability of the phase 
selectors to perform this task. In this thesis novel techniques 
which provide UHS phase selection have been developed.
The lattice method was used to assist with the early development 
of the algorithm, in order to determine the approximate response of 
the modal variations of a 3-phase lossless system.
The algorithm, in terms of primary system variations, was then 
tested using established digital techniques for modelling the faulted 
response of any arbitrary linear shunt reactor compensated EHV 
feeder system. The technique was then implemented within secondary 
simulation programs to indicate any susceptibility to transducers and 
digital processing errors.
The new phase selector provides satisfactory phase discrimination 
following very high resistance faults and caters for evolving fault 
conditions. An evaluation of the performance of the new scheme for 
different line and source configurations is reported.
The simulation results show the phase selector to have very 
good selective properties, complemented with very high speed of 
operation. The scheme, in a typical application such as that considered, 
has an operating time of 2 to 5ms for most fault conditions.
(vi)
Some insight is given into the techniques necessary for the 
opening of only one pole for clearance of both single phase to ground 
faults and interphase faults clear of ground, and the necessary 
modifications to the basic phase selector scheme are proposed.
The investigation also presents the results of computer 
evaluations of the discriminative properties of the new scheme 
under complete fault clearance sequences. The performance of the 
phase selection equipment during single pole and three pole 
autoreclosure sequences is reported.
The thesis concludes by presenting the results of preliminary 
field tests which go some way towards validating the aforementioned 
novel phase selection techniques developed.
(vii)
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The vast majority of faults affecting EHV networks are of a 
transitory nature and involve only one phase and earth. From the 
viewpoint of minimising subsequent system disturbances, especially 
loss of synchronism caused by such faults, it is desirable to clear 
them by opening the breaker poles of the faulted phase and subse­
quently reclose them. In such cases, single pole autoreclosure (SPA) 
techniques can be used to advantage^^^. The effectiveness of SPA is 
largely determined by the speed with which the secondary arc is 
extinguished, thus allowing autoreclosure to be achieved. The emergence
of suitable means of extinguishing secondary arcs following single pole
(2)opening on EHV transmission lines and the reduction in dead times ,
together with the savings in capital investment made possible by
(3)employing single rather than double circuit lines , undoubtedly 
accounts for the increasing interest in the use of SPA. By restricting 
opening and reclosing to the single faulted phase, system stability 
can be significantly improved, because the energised sound phases 
continue carrying power during the period of interruption. Furthermore, 
single phase faults followed by 3-phase tripping have been known to 
cause instability p r o b l e m s T h e  success of SPA is heavily depen­
dent upon reliable selection of the faulted phase,this being the main 
objective of the work in this thesis.
2.
In recent years, however, there has been an increased interest in 
phase selectors to provide an accurate identification of the faulted 
phase or phases for all types of fault. By using such a selector in a 
segregated tripping scheme, any type of fault could be cleared by the 
opening and reclosing of the minimum number of poles. This is a 
distinct improvement over the one or all approach of conventional SPA 
schemes in terms of increased system stability. Some work was therefore 
carried out to determine the possibility of producing a reliable 
multi-pole phase selector to form the basis of a segregated tripping 
protection scheme.
1.1 Classification of Phase Selectors
Phase selectors are indispensable accessories of protective 
schemes designed for selective pole autoreclosure, the four main 
applications being:
1.1.1 Single phase tripping
Selectors are used in conjunction with protection relays which 
do not have phase selection properties to obtain a single phase 
tripping output for use with SPA. A relay protection scheme that 
provides for single pole tripping and reclosing will only trip the 
faulted phase for a single line to ground fault (SLG) or all three 
phases for all multiphase f a u l t s I n  such schemes (single, or very 
occasionally, multi-shot) automatic reclosing is employed.
1.1.2 Segregated tripping
This is a more sophisticated protection scheme in which the 
selectors provide multiphase discrimination to enable fault clearance
3.
by using single, double and three pole tripping with reclosing as 
necessary. Hence, the basic SPA requirements of the selector must be 
extended to include an indication of all the faulted phases in a 
multiphase fault situation.
1.1.3 Switched scheme
To greatly reduce the number of individual relay measurands 
required to satisfactorily protect a section of a transmission line, 
a selector can be used to switch the measuring unit to the appropriate 
faulted phase(s). In such cases the selectors act as the starting 
unit of a switched scheme and have similar requirements to single 
phase tripping.
1.1.4 Fault indicator
In such applications, the selectors are merely used to indicate 
which is the faulted phase(s) without taking further action.
1 .2 Operational Requirements for Phase Selectors
After phase selector classification it is necessary to determine
the basic requirements of discrimination, emphasising the essential
requirements within each group. The following requirements have been
(7 8)the standards set for schemes employing distance type protection *
The new phase selector scheme proposed in this thesis, however, is 
developed using a novel technique and is designed as an integral part 
of a directional wave comparison protection equipment. Since, at the 
present time, there is no knowledge of the performance requirements 
of phase selectors of this class, a basic evaluation of its capability 
can be gained by a comparison with conventional selector requirements.
4.
1.2.1 Requirements for the operation of phase selectors
(a) During fault conditions, the phase selector operation must
ideally be:
(1) Independent of the configuration of the network on both 
sides of the fault and especially of the location of the 
points where the neutral of the network is earthed.
(2) Independent of the prefault load and the sound phase currents.
(3) Independent of power swings between the generating stations 
feeding the network.
(4) Independent of the operation of the protective system and 
of the phase selector situated at the opposite end of the 
line.
(5) Independent of the fault location and of its resistance.
(6) Fast enough in operation to ensure that no further delay is 
introduced in the clearance of the faults. In the case of 
selectors used for switched distance schemes, the selectors 
should not introduce an excessive delay in the overall 
protection time. This is an important requirement, since
the selector must not slow down the switching of the measuring 
unit of the faulted phase(s), because the selectors and 
the measuring units operate in sequence.
(7) Selective even in the case of evolving faults. In the case
of single phase tripping application, the phase selectors must
5.
identify the faulted phase without delay and if the fault 
condition changes must be able to re-select accordingly by 
taking appropriate action.
(b) After the clearance of the fault and during the reclosing cycle
the phase selector must;
(1) Discontinue selection with breakers poles open, ie. must be 
insensitive to the position of the poles of the breakers at 
remote ends of the line.
(2) Provide correct selection for evolving faults occuring with 
the initial faulted phase or phases open.
(3) Remain inoperative on circuit breaker closing, with fault 
cleared.
Depending upon the application in which the selector is to be 
used, the above basic requirements can be categorised into essential 
and desirable groups. For any phase selector to be considered, it 
must at least satisfy the essential requirements summarised below;
(1) Operating time less than 1 cycle.
(2) No operation on load current.
(3) For evolving faults, correct selection for first fault, and 
re-selection for evolved fault.
(4) Correct operation on breaker closing, reselect persistent 
fault.
6.
(5) Operation when fault current is less than pre-fault load 
current.
(6) For SPA schemes, provide selected outputs for phase-earth 
faults and for all other fault types, give three phase trip 
indication.
(7) For segregated schemes, provide selected outputs for single 
phase and multiphase faults as necessary.
Any phase selector scheme which fulfils some or all of the following 
desirable requirements would be regarded as a more attractive proposi­
tion;
(1) Earth fault reach not less than phase fault reach.
(2) Operating time less than 5ms.
(3) High resistance fault coverage (eg. 10 to 200 ohms).
(4) Selection for second fault, with one pole open.
(5) Selection for second fault with two poles open.
(6) Selector recovery within the dead time.
(7) Independent of power swings.
(8) Must not operate with load changes below full load.
(9) Correct selection on long lines ( > 150 km).
7.
1.3 Pre-Requisites of System Protection Equipment Employing UHS Phase
Selectors
Ultra high speed fault clearance represents an effective method 
of improving the transient stability and increasing power transfer of 
a transmission line system. Overall fault clearance times depend on 
both circuit breaker and relay operating times. The use of faster 
protection rather than significantly faster circuit breakers represents 
an attractive solution from an economic point of view.
In order to achieve approximately one cycle breaker clearance
time, the protective relay and associated phase selector must operate
within 4.7ms and 8ms for 60Hz and 50Hz systems respectively, since a
faster relay operating time would produce the same breaker clearing
(9)time . (Assuming 12ms breaker operation.)
SPA schemes require the provision of appropriate line relaying 
and circuit b r e a k e r s T h e  main relays must be capable of 
detecting all types of faults, and must disregard any phase selector 
action for faults exterior to the protected line.
In long line applications, successful reclosure is achieved by 
using shunt reactors to allow arc extinction within the dead time^^^\ 
By a suitable connection arrangement, these reactors can be made to 
serve the additional purpose of voltage control.
8.
1.4 Recent Developments of UHS Protection Schemes Incorporating
Phase Selection Equipment
Protective schemes which rely for their operation on the 
travelling wave set up on transmission lines by system faults are 
attractive because they offer the possibility of rapid fault detection 
and clearance. Particular interest has been focussed upon new 
techniques of UHS transmission line protection of the directional wave 
comparison type. Most of these techniques are based on the so-called 
"Invariant properties of the transmission line".
(12 13)The d'Alembert relay by Takagi * derives the travelling 
waves at the local and remote ends then uses their difference to 
detect an internal fault. Faulted phase selection is then achieved 
by comparing various transforms of the phase currents with a pre­
determined reference table. Dommel^^^^ computes a fault discriminant 
which is independent of both fault inception angle and line termination.
The scheme developed by Chamia and Liberman^^^^ employs directional 
wave detectors which operate according to the relative difference in 
the travelling wave components of voltage and current impressed on a 
system by the occurrence of a fault. This principle is then extended 
to provide phase selection for the purpose of single phase tripping^^^\
A technique by J o h n s m a k e s  use of the sequence in which 
the derived forward and reverse signals exceed given thresholds to 
determine the direction to the fault. Since the definitive publica­
tion, exhaustive research in conjunction with a series of modifications
9.
and refinements, has led to the successful implementation of the above 
described s c h e m e F o r  such a relaying scheme to be used in a 
UHS SPA scheme for long line applications, a complementary phase 
selector with comparable speed and reliability has been developed.
When compared with stand alone phase selectors, the novel scheme 
proposed therefore reduces the interface requirements of the overall 
SPA scheme.
The implementation of the new phase selector is microprocessor 
based and relies for its operation on modal quantities derived from 
the actual fault induced superimposed components of phase voltage and 
current. The use of modal rather than phase quantities allows a 
reduction in the minimum number of relaying signals required to 
reliably select the faulted phase. The result is a considerable saving 
in terms of processor hardware and software implementation. Further­
more, the use of aerial modes enables the independent relaying of both 
circuits in double circuit applications, due to the de-coupled nature 
of the modal signals.
Although the phase selection methods developed are specific to 
the wave directional comparison detector, they might nevertheless be 
usefully extended to provide improved discrimination in other digitally 
based schemes requiring single phase tripping.
10.
1.5 Objectives of the Thesis
The phase selector was primarily designed to be used in conjunc­
tion with the above-mentioned UHS wave detector and to provide a single 
phase tripping output for SPA applications. For direct compatibility 
with the main relay hardware, the phase selector proposed here was 
developed using a combination of the readily available modal relaying 
signals.
The new scheme was specially designed for comprehensive, ultra 
high speed protection of most practical HV and EHV power transmission 
systems. In all of the typical applications considered in the thesis, 
the selector achieved UHS operating times in the range of 2 to 7ms 
for a 50Hz system.
A variety of existing phase selector limitations include: fault­
load current discrimination, incorrect selector particularly with 
phase to earth faults, load encroachments and excessive operating 
times. The phase selector is designed to overcome these limitations 
and to meet the essential requirements detailed in Section 1.2.1.
1.6 Scope of the Thesis
A survey of currently available selectors is presented in Chapter 
2, in which the advantages and disadvantages of existing schemes are 
discussed.
Chapter 3 details the new phase selector theory and its principle 
of operation when used in conjunction with several types of autoreclosure
11.
schemes. A description of the lattice method used to assist with the 
early development of the algorithm is given, upon which the phase 
selector theory is based. In conclusion, the results achieved with 
the approximate lattice method are compared with those of an accurate 
digital simulation, employing Fourier Transform techniques.
Chapter 4 presents the implementation of the phase selector 
within a secondary simulation program to indicate any susceptibility 
to transducer and digital implementation errors. Software implementa­
tion techniques are then discussed.
The configurations of the systems studied are detailed in Chapter 
5. Details of line construction and line, source and shunt reactor 
scheme parameters are discussed.
In Chapter 6, the algorithm is tested using digital techniques 
for modelling the faulted response of any arbitrary linear shunt 
reactor compensated EHV feeder system. The effect of transposition 
and untransposition is discussed, and results of a wide range of 
system studies are presented.
In Chapter 7, the behaviour of the phase selector and its 
operation when subjected to abnormal operational conditions are 
considered. The effect of very high resistance faults, special source 
configurations and evolving faults are studied.
Chapter 8 presents the results of some computer evaluations of
12.
the overall performance of the new scheme under complete fault 
clearance sequences. In addition, the performance of the phase 
selection scheme during single and three pole autoreclosure 
sequences is reported.
Preliminary field test results are presented in Chapter 9, 
whereby the phase selector is subjected to actual system data, 
derived from a transmission network within the UK.
General conclusions, drawn from the work presented herein, 




LITERATURE REVIEW OF EXISTING PHASE SELECTORS
In the past there has been little reported work concerning the 
development of phase selectors. However, recent publications 
(post-1976) have revealed increased interest in a new generation of 
phase selectors based upon superimposed components. In the course of 
this survey, conventional phase selectors are briefly discussed, 
with a more detailed consideration of existing UHS travelling wave 
schemes.
Various types of phase selectors, based upon different operating 
principles, are currently implemented in electric power systems and 




(d) change in current magnitude selectors;
(e) change in voltage and current magnitude selectors;
(f) travelling wave based selectors.
2.1 Overcurrent Selectors
Overcurrent selectors are applicable to short lines connected 
to high fault level busbars, where there is no difficulty in discrimi­
nating between fault and load current. For double circuit line
14.
applications, the overcurrent setting must be greater than twice the 
normal load current, to prevent sound circuit operation when a fault 
is cleared in the other circuit. This setting also caters for the 
event of a parallel line being switched out. For the particular case 
of phase to ground faults and for certain source configurations in 
which only zero sequence current flows, discrimination between the 
sound and faulted phase currents is not possible, since they are 
approximately the same in magnitude. An overcurrent setting suitable 
for such conditions cannot therefore be achieved. In general, over­
current settings are limited by the source ot line impedance ratios of 
the system and by the high resistances associated with certain earth 
faults.
2.2 Undervoltage Selectors
The pre-requisite of a minimum reduction in system voltage 
excludes undervoltage selectors from application to systems having a 
low source to line ratio, and limits their capability to cover long 
lines and high resistance faults.
For interphase connected undervoltage elements, it is possible 
that a phase to earth fault activates two units, resulting in incorrect 
selection. This problem is alleviated by using a zero sequence 
current detector to switch the element connections over to phase to 
neutral arrangement. The detection of zero sequence currents and 
subsequent element switching directly increases the selector operating 
times. Furthermore, undervoltage selectors can operate during 
de-energisation cycles and so must be interlocked with local breaker
15.
control circuitry.
Undervoltage selectors are commonly employed as a complementary 
device to other selection schemes, typically overcurrent selectors.
2.3 Impedance Type Selectors
Modern impedance type relays employ some form of characteristic
(25)restriction in order to overcome the well known problems associated 
with conventional earth fault relays and six unit distance protection 
schemes . The major problem concerning such schemes is incorrect 
selection when interphase relay elements are excited during phase to 
earth fault conditions, resulting in the unnecessary tripping of all 
phases. In addition, it is possible for earth fault relays to over­
reach during double phase to earth faults, thus initiating tripping 
for out of zone faults.
The above problems can be satisfactorily overcome, as stated above
by polar characteristic restriction, which obviously reduces the relay
faults coverage capability, particularly on unearthed systems. An
alternative solution is to employ phase selectors for the purpose of
(27)switching the appropriate signals to a measuring unit , a technique 
that is used in some modern protection schemes.
2.4 Change of Current Magnitude Selectors
The maximum level of sound phase current change determines the
16.
minimum change for operation and hence the maximum line length which 
can be covered. The occurrence of a fault may therefore be detected 
by monitoring this change of current magnitude.
For systems with high source fault levels and long line lengths, 
a fault at the end of the line can give rise to a fault current which 
is less than the maximum load currents, making selection impossible.
Generally speaking, the problems encountered in setting this 
selector are similar to those of overcurrent selectors, but with 
reduced restrictions on load current settings.
2.4.1 Fault current phase selector
(28)A phase selector has been proposed by GE of America , which is
based upon the fault current component, extracted from the total
current variation. The phase selector is is implemented digitally and
is based upon a fault analysis algorithm, derived using the concept of 
(29)Clark components . This is a real transformation which enables an 
instantaneous fault transient analysis.
Taking the a-phase as a reference the following modal relation­
ships are found:
a-phase to ground fault
b-c to ground fault




I = 0  and 1 = 0“ 0
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where 1^, Iq are the Clark transformed current components. The
inverse Clarke Transformation allows the corresponding phase relation­
ships to be expressed as:
For
^neutral ^ ^ (faults involving ground)
I, - I = 0  for a-earth fault b c
21 - I, - I + I , = 0 for b-c-earth faulta b c neutral
For
I _ _ f 0 (faults clear of ground)neutral
21 - I, - I = 0  for b-c fault clear of grounda b c
The neutral current is used to differentiate between faults 
involving ground and faults clear of ground. For phase faults clear 
of ground there are three current relationships and if all are non-zero 
it is assumed that there is a 3-phase fault. For the ground faults 
the neutral current is not zero and there are six relationships which 
can distinguish between the three single line to ground faults and the 
three double line to ground faults.
By taking b and c as reference phases respectively, similar 
expressions for the other fault types can be derived. These derived 
relationships for the different faults apply to the actual fault 
currents.
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In practice the above equations cannot be equated to zero due 
to the physically unbalanced line constructions and therefore 
limiting values must be taken. By considering these equations it 
is found that for each phase-phase discriminant, extra signals 
which are unnecessary have been used, thus complicating the selector 
processing. In the particular case of b-c faults, the discriminant 
21^ - I^ - I^ can be reduced to -ly - I^, since Ig is always a 
redundant component.
For cases of faults occurring on line terminated in delta wound 
transformer selection by such a scheme is not possible, since no 
neutral current can flow. Furthermore, it is not clear how the 
derived fault point relationships are related to the relay location 
and hence source termination.
The above limitations therefore restrict the range of practical 
systems to which the proposed selector can be applied.
2.5 Change in Voltage and Current Magnitude Selectors
2.5.1 Analogue selectors for switched scheme application
A new approach to high speed phase selection by GEC Measurements 
Ltd has been p r o p o s e d . The superimposed quantities of voltage 
and current (v’ and i') are used to identify the type of fault and 
the phase(s) concerned. The selector is then used for switched 
distance relays to feed the required signals to the relay comparator. 
A selection time of a quarter of a cycle (5ms) after fault inception 
has been reported, which indicates that the selector will operate
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well before any CT saturation occurs. The whole selection process 
is in analogue form, and the identifiable relationships between 
superimposed quantifies at the relaying end, for the four conventional 
faults (3^, a-g, a-b-g, a-b) are as given below:
Phase to ground faults
Identification of V
^  -'c = 0
and
V ' - V ’ =b c 0
Phase to phase faults
Similarly, another
of 'a-b' faults:




Three phase solid faults
. . . (2 . 1)
. . . (2.2)
. . . (2.3) 
. . . (2.4)
This type is identified using the relationships:
v ’ +v’ +v' = 0 . . .  (2.5)a b c
and
i' +i’ +i' = 0 . . .  (2.6)a b c
Two and three phase to ground faults
Successful identification of these faults depends upon the fault 
location and the line and/or the ratio of the source to line impedances 
of the opposite end. The loss of discrimination between these two
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types of fault is very common and is mainly due to the neutral current 
produced by the unbalanced 3-phase fault impedances. The authors then 
suggest a method of elimination to overcome this problem, whereby the 
magnitude and phase of the neutral current is compared in turn with 
the sum of every two phase currents, the nearest sum being selected as 
the faulted phase pair. If the above comparison fails to produce a 
difference in magnitude and phase within a predefined limit, the 
fault is assumed 3-phase with unbalanced fault impedances.
A particular problem caused by neutral earthing is that selector 
discrimination is sometimes lost at load ends when co-phasal currents 
are produced. The proposed selector operates upon current and voltage 
components and so will maintain discrimination for the cases described 
above. Furthermore, the use of polarised current components permits 
the use of this scheme in applications where a large range of source 
capacity is encountered. Eqn (2.1) and (2.2) for an a-g fault are 
combined as follows:
(v’ -v' ) + R(i’ -i' ) = 0b e  b e
where R is defined as any resistance quantity suitable for the appli­
cation. In many cases, the resistance associated with current trans­
actor circuit is sufficient. Similarly, the discriminant for phase to 
phase faults is obtained from (2.3) and (2.4) for a-b faults:
(v' -v' ) + R(i' +ij ) = 0be ca a D
The remaining discriminant signals are obtained in a similar manner.
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The new technique under development seems to be attractive for 
single phase tripping applications, although the method for selecting 
double and three phase faults needs more consideration. Regarding 
high resistance faults performance, the scheme offers a distinct 
advantage over distance type selectors, since the discriminant signal 
relationships remain valid under conditions of either no superimposed 
voltage or current.
2.6 Travelling Wave Based Phase Selectors
2.6.1 Current differential carrier relaying system
(12)An idea proposed by Takagi et al describes the use of 
(31 )Bergerons' equation as part of a modal analysis method to determine 
an invariant pattern for the purpose of faulted phase selection. By 
forming a truthtable based upon each pattern for all types of internal 
faults, phase selection is achieved by a simple look-up process. The 
phase selector scheme is essentially travelling wave based, which 
utilises discriminant signals of the form:
(k)(t) = I (^\t-T (k))r
where Ip(k)(t) is the mode-k fault current, %(k) is the mode-k surge 
transit time between the fault and relay location, where mode-k = 0,1,2 
The modal transformation is such that during normal conditions 
^(1)^ ^(2) j n(0) equal zero, but for any internal fault one or all 
of these discriminants become finite.
The basic method is then extended to enable faulted phase selec­
tion by the use of three transforms each being referenced to the a,-b
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and -c phases respectively. Three modal components are associated 
with each transform, and hence there are nine discriminant signals 
in total available for the selection of each type of fault.
For an a-earth fault condition the modal and actual fault currents 
are related by the Karrenbauer transformation by:
x/O) ^Fa 1/3 4a
= [S"’] 0 = 1/3 ^Fa
0 1/3 ^Fa
Where [S ^] is the matrix of orthogonal system eigenvectors:
- 1
1 1 1
1/3 1 -1 0
1 0 -1
It is clearly seen that each modal current in this case is finite, 





Here the mode-1, discriminant is seen to be zero whilst the
two others are finite. The final modal relationship is then obtained 
by taking the -c phase as reference, which results in the following:
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(2)In this case the mode-2 component, n is equal to zero whilst the 
other modes are finite.
The nine signals obtained above then form the discriminant 
pattern for the confirmation of the a-phase to earth fault type. This 
analysis is extended to all types of fault, which enables a truth table 
to be formed containing predefined patterns for all fault types.
The method described above is not restricted to the use of one 
modal transformation. Taking the Karrenbauer transform. Table 2.1 
shows how phase selection is limited to SLG faults. However, if the 
Clarke transformation is considered. Table 2.2 indicates how selection 
is extended to include double and three phase faults.
There are two possible problem areas associated with this scheme, 
the first one being due to errors in travelling times, giving rise to 
non-zero values for the difference current under external fault 
conditions. The major drawback, however, is due to the independent 
processing requirement of the modal signals. Since their respective 
surge velocities are different, this necessitates the use of a complex 
operating algorithm which increases the minimum operating times and 
also makes the likely processing hardware very complex.
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2.6.2 Wave directional fault discriminant
Dommel^^^^ describes a method by which a fault discriminant signal 
is derived for a specified time span equal to twice the modal transit 
time.
The modal component relationships, derived using the Clark 
Transformation, are given below.
Vq Cx ) - lQ(t)ZO = 2Vpg(t-To)
V (t) - I (t)Z1 = 2V_ (t-T ) . . .  (2.5)a  a r a
Vg(t) - Ig(t)Z1 = 2Vp (t-Tg)
where V-, „ and . are the modal voltage and current components0,a,3 0,a,6
0,a,3 at the relay location, V_^ are the corresponding faultr U , a, p
point components, and ZO, Z1 are the zero and positive line surge 
impedance respectively.
For a period equal to twice the transit time between the fault 
and relay locations, each modal signal is equal to twice the respective 
superimposed modal voltage at the fault point and is independent of 
the source termination.
The voltage and current changes produced by a line to ground 
fault in phase "a" is obtained by connecting a voltage source.
Vp^(t) = -Vrms . /2/3 sin(wt + <J)) . . .  (2.6)
to the fault location F . The Clark de-composition then gives:
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Ip^(t) = 2lpQ(t) . . . (2.7)
iFg(t) = 0
The current and voltage at the fault location are related independently 
for each mode by:
4 o  4 o *  4 a  4 a  ^F3 4 g ' * '
From eqns (2.7) and (2.8) the initial modal variations in terms of the 
actual superimposed faulted phase voltage at the fault location are 
obtained :
VpQ(t) = ZO/(ZO + 2Z1) Vp^(t)
and
Vp^(t) = 2Z1/(Z0 + 2Z1) Vp^(t) . . . (2.9)
Vpg(t) - 0
The composite modal expression for the different modal components 
are independent of the termination but does depend on the angle of 
fault inception. As shown in eqn (2.10) these are obtained by 
substituting for eqns (2.9) and (2.6) in eqn (2.5).
V^(t) - lQ(t)ZO = -2 /2//3 Vrms(Z0/(Z0+2Z1))sin(wt + (}>)
V (t) - I (t)Z1 = -4 /T/ /3 Vrms (Z1 / (Z0+2Z1 ) )sin (o)t + (p) a a
Vjt) - F,(t)Zl = 0  . . .  (2.10)
The discriminant signals are formed by combining the modal signals of 
eqn (2.10) with their respective derivatives as follows:
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Do(t) =  (VQ(t)-lQ(t)ZO)^ +  1 / o ) ^ ( d V Q ( t ) / d t - d l Q ( t ) / d t  Z0)2
D (t) = (V (t)-I (t)Z1)2 + 1/u^(dV (t)/dt-dl (t)/dt Zl)^a a a a a
D.(t) = (V.(t)-I.(t)Z1)2 + 1/w^(dV„(t)/dt-dl (t)/dt Z1)2
. . . (2 . 11)
By appropriate substitution, the discriminant signals above become 
independent of fault inception angle, as shown in eqn (2.12).
D^(t) = 8/3 (ZO/(ZO + 2Z1)) V rms
D^(t) = 32/3 (Z1/(Z0 + 2Z1))2 V^rms . . . (2.12)
Dg(t) = 0
The analysis is extended to produce discriminant signals for all types 
of fault, thus permitting faulted phase(s) selection under all fault 
conditions.
Theoretically, the proposed scheme is attractive because it is 
independent of source termination and fault inception angle, for up to 
twice the transit time. In practice where faults occur near to the 
relay location, transit times of the order of less than 1ms are 
involved, which would suggest that a very high sampling rate is required 
for correct and reliable selection. The differentiation process 
within the scheme assumes only power frequency sinusoidal components 
which require the use of digital filtering, thus extending the overall 
delay of operation of the selector. Operating times of less than 5ms 
are quoted by the authors but it is envisaged that there will be delays
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in forming the necessary signals which would exclude its use where 
short operating times are required. On these grounds, it does not 
appear that this scheme could be successfully implemented in practice 
for UHS applications.
2.7 Limitations of Existing Phase Selectors
The sections above describe the various drawbacks of the 
operating principles upon which modern phase selectors are based and 
emphasises the need for a reliable phase selector to cover all 
operating conditions.
In general, current operated schemes are limited by system 
configurations and particular source connections. Undervoltage selec­
tors are restricted by the system source to line impedance ratios and 
have proven unsatisfactory when operating independently.
The problems encountered with impedance selectors include 
maloperation of sound phase elements under certain earth fault condi­
tions. In addition, impedance characteristics, which restrict the 
range of earth fault resistance coverage, are governed by prefault 
load current. In some cases, the actual relaying equipment 
employed in the above schemes is of the electromechanical type, 
which although reliable, is inherently slow. Also, the theory upon 
which impedance schemes are based assumes steady state fault conditions 
which is not strictly valid in the fault transient period.
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The superimposed component based schemes appear to have overcome 
some of the foregoing conventional selector problems. Although 
distinct advantages can be visualised, the practical implementation 
of the proposed schemes seems rather complex at this stage.
The above limitations have been known for many years and are 









2 1 - g




n(0) 1 1 1 1 1 1 0 0 0 1 0
(a) T) ( 1 ) 1 1 0 1 1 1 1 1 1 1 1
r | ( 2 ) 1 0 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 0 0 0 1 0
(b) n (1 ) 0 1 1 1 1 1 1 1 1 1 1
n(2) 1 1 0 1 1 1 1 1 1 1 1
n(0) 1 1 1 1 1 1 0 0 0 1 0
(c) n(1) 1 0 1 1 1 1 1 1 1 1 1
n(2) 0 1 1 1 1 1 1 1 1 1 1
Table 2.1 (0) and usingTruth table on n 
Karrenbauer transformation (1 means 9̂ 0,










1 1 1 1 1 1 0 0 0 1 0
(a) 1 1 1 1 1 1 1 0 1 1 1
0 1 1 1 1 1 1 1 1 1 1
n(0) 1 1 1 1 1 1 0 0 0 1 0
(b) n(') 1 1 1 1 1 1 1 1 0 1 1
1 0 1 1 1 1 1 1 1 1 1
n(0) 1 1 1 1 1 1 0 0 0 1 0
(c) ^(1) 1 1 1 1 1 1 0 1 1 1 1
n(2) 1 1 0 1 1 1 1 1 1 1 1
(°), and using ClarkeTable 2.2 Truth table on n
transformation. (1 means  ̂0,
0 means = 0)
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CHAPTER THREE
THEORY OF THE DIRECTIONAL WAVE COMPARISON PHASE SELECTION SCHEME
3.1 Faulted EHV Transmission Line Response Analysis using Bewley 
Lattice Methods
In order to assist in the development of the new phase selector,
a computer model of a transmission system was required. In the early
stages of the project, it was decided to develop a test program
(32)based on the lattice diagram method , since the implementation of 
simplified analytical studies can be very useful for determining 
approximate fault transient waveforms, before more accurate digital 
studies are performed. The objective of the lattice program was to 
determine the fault induced superimposed voltages and currents at 
the point of interest as functions of time, which could possibly lead 
to the formation of reliable discriminant signals, for the purpose of 
phase selection.
The occurrence of a fault is equivalent to suddenly superimposing
a voltage (V^^) at the fault point, which is equal and opposite to
the prefault steady-state fault point voltage (V^p) at the instant
(33)of fault inception tp, as shown in Fig 3.1 A fault transient
solution is obtained by applying V^p to the de-energised network, 
ie. all source voltages are short circuited.
The application of the voltage V^p sets up a series of travelling 
wave components of voltage and current, which propagate away from the 
point of fault. These components may be described in terms of
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natural modes of propagation^^^\ that is, the actual phase voltage 
and current components can be transformed into modal voltages and 
currents. The theory of natural modes can be simplified by assuming 
a lossless, ideally transposed balanced transmission line, such that 
the transformation matrices [S] and become equal and
frequency invariant of the form given by equation (3.1).
[S] = [Q] =
1 1 1
1 0 -2
1 - 1  1
. . . (3.1)
The effect of suddenly applying the voltage V^p at the fault point 
can now be analysed in terms of modal components.
The modal waves propagate along the line being continually 
attenuated and distorted until they die out. At a discontinuity, a 
part of the wave is reflected back along the line and the rest is 
transmitted to other sections of the transmission system. The lattice 
method relies on a knowledge of the reflection and refraction 
coefficients, at each point of discontinuity, within the system.
The coefficients associated with the fault point are dependent upon 
the type of fault; ie. each type of fault produces a different 
reflection and refraction behaviour. The type of fault also controls 
the magnitude of each suddenly applied modal voltage at the instant 
of fault inception.
The reflection and refraction coefficient and initial modal 
voltage and current variations (jumps) at the fault point, for each
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type of fault, can be obtained from different interconnected modal 
networks as described in Appendix A1 (see Figs 3.2-3.13). For any 
point of interest and for any fault type, the lattice method can 
then be used to determine the time variation of the fault induced 
superimposed modal voltages and currents.
The single phase lattice diagram of Fig 3.14 is representative 
of the initial variations of the superimposed modal voltage for the 
case of an a-e interconnected network shown in Fig 3.2(b). It will 
be recalled from Appendix A1 that the series combination of mode-2 
and 3 networks have been replaced by an equivalent network, mode-4. 
Taking predominantly real components of the modal surge impedances. 
Table 3.1 shows the relationship between the parameters of each mode 
when an ideally transposed lossless line is considered. The mode 1 
and 4 networks are then seen to have equal equivalent impedances, 
such that the application of a 1 p.u. fault point voltage at the
instant of fault inception causes an equal rise of 0.5 p.u. in each 
circuit. This instantaneous voltage change initiates travelling waves 
in each network, which subsequently propagate towards their respective 
terminating impedances at their particular modal velocity. The 
lattice diagram enables the travel of these waves to be represented 
by straight lines in coordinates of time versus distance. Mode-4 
waves propagate with the highest velocity, and following the initial 
jumps, the reflected component associated with this mode is the first 
to arrive back at the fault point. Any change in a modal voltage 
caused by the arrival at F of a reflected component, therfore causes 
changes in the other modal voltages, so that an incident travelling
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wave of one mode splits at the point of fault to produce transmitted 
and reflected components of all modes as explained in Appendix A1.
In the absence of attenuation and distortion, voltages at any point 
on the line will only change in magnitude when a wavefront passes 
through that point.
The foregoing theory was implemented in a computer program to 
simulate the response of the ideally transposed line described above, 
following several types of fault. Figs 3.15 and 3.16 show the super­
imposed modal and phase voltage waveforms observed at the relay 
location, for different fault inception instances and fault types.
The waveforms clearly illustrate the lattice summating process, 
since the arrival of each individual wavefront at the observation 
point causes a visible step change in amplitude.
A numerical analysis of the results has uncovered an interesting 
property associated with the aerial mode components for the particular 
fault types involving a single phase to ground and double phase clear 
of ground. In such cases, a fixed scalar ratio which is independent 
of fault inception angle, is observed between the mode 2 and mode 3 
components, these ratios being summarised in Table 3.2. For all 
other fault types, a time varying aerial mode ratio is produced that 
is fault angle dependent and therefore very difficult to define 
iniquely.
At the fault point in particular, classification features for 
each fault type can be gained by the use of the algorithm in 
Appendix A1. The relationship between the initial jumps of each
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mode subsequent to fault inception also confirms that a fixed aerial 
mode ratio exists for the aforementioned fault types. Table 3.3 
shows the various relationships between the actual and modal super­
imposed voltage components at the fault location for all conventional 
faults.
The relationships between the initial modal variations at the 
fault point are found to be dependent only upon the type of fault. 
However, the modal relationships produced at a relay location, close 
to a source, are very much dependent upon the system and source modal 
impedances. In practice, it is very difficult to accurately define 
the ratio of mode-1 to mode-2 impedance for a source, since the source 
configuration may be constantly changing due to local switching.
The ratio of mode-2 to mode-3 impedance, however, for a balanced 
source termination, remains constant.
A further advantage of the aerial mode property is that for an 
ideal line, identical parameters such as surge impedance, propagation 
velocity and refraction coefficients are associated with both mode-2 
and mode-3. A consequence of this is that any reflection and 
refraction of components at all discontinuity points within the 
system will impose equal percentage changes in each aerial mode.
Hence, even if the actual magnitudes of the aerial mode components 
may change, due to the model wave splitting effects described earlier, 
the scalar ratio between the two modes is maintained for all time 
after fault inception.
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The foregoing analyses and results clearly imply that a 
discriminant signal, suitable for phase selector schemes, that is 
characteristic of only the fault type and not the fault, source or 
system configurations, can be obtained by using proportions of only 
aerial mode superimposed components.
3.2 General Phase Selector Discriminant Signal Considerations 
The phase selector described in the present work utilises 
composite signals, which comprise a combination of both superimposed 
modal voltages and currents, which have the form shown in eqn (3.2).
s(k)(t) = . . . (3.2)
(k)where RO is the mode-k [k=1,2,3] replica characteristic
(k)resistance which will match ZO for a lossless line. (For a real
(k)line the error due to the complex element in ZO is small.
The signals represented by eqn (3.2), known as forward signals, 
are the same as those used in the directional wave comparison 
detector. It will be recalled from reference (17) that directional 
determination is made by the sequence in which the forward and reverse 
modal signals exceed a predetermined threshold level. The selection 
algorithm is based on the comparison of a combination of the forward 
signals described in eqn (3.2), since for forward faults they have 
the greater rate of rise and for a period equal to twice the transit 
time, are source independent.
The practical applicability of the phase selector is improved
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by utilising discriminant signals comprising voltage and current 
superimposed components, as this results in greater terminating impe­
dance coverage. For high source capacity terminations, resulting in 
low levels of superimposed voltage, the selector can operate given a 
current component alone (vice versa for low source capacity).
Although the equation represents all three modes of propagation,
it has been established that some considerable simplification can be
(19)achieved by not including the earth mode . This has been possible 
because there were no cases where an earth mode of propagation is 
detected without an associated aerial mode. The foregoing phase 
selector theory has also established the validity of using only aerial 
mode components for correct discrimination of the specified fault 
types. The new phase selector would therefore be directly compatible 
for integration with the UHS directional detection relay in a complete 
autoreclosure protection scheme.
The resulting general form of the phase selector discriminant 
signals, based on aerial mode components, is then:
D(t) = Cl g(2)(t) + 02 s(3)(t) . . . (3.3)
where 01, 02 are real constants dependent upon the type of fault that 
the selector is designed to detect.
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3.2.1 Particular discriminant signals for single pole autoreclosure 
The discriminant signals that will be used to effect phase 
selection in the case of single pole autoreclosure will have the 
general form given by:
D . (t) = K1 , + K2 , s(3)(t) . . . (3.4)a,b,c a,b,c a,b,c
The selector employs three separate measuring signals, the values of 
the constants K1, K2 being chosen such that the discriminant signal 
related to the faulted phase will measure zero (theoretically only), 
while that of the sound phase will have a finite and significant 
value.
Table 3.2 shows that mode 2 and 3 superimposed voltage and 
current components have relative proportions which are uniquely 
definable throughout the line from fault point to relay location,
for each particular type of phase to earth fault and for all time
(2) . (3)after the fault. Assuming that RO is equal to RO , manipulation
of the general equations (3.2) reveals that these proportions are
maintained between the mode 2 and mode 3 composite signals. The
values of K1 and K2 required for each phase discriminant signal are
then easily evaluated from the general discriminant form (3.4) and
are listed in Table 3.5.
By substituting the appropriate values of the constants K1 and 
K2 in the general equation (3.4), the discriminant signals will take 
the form:
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D^(t) = 35(3)(c) - s(2)(c)
D^(t) = g(2)(t) . . . (3.5)
D (t) = 35(3)(t) + s(2)(c)c
It is necessary that the phase to earth fault selectors do not operate 
for all other types of fault and, as shown below, this is an inherent 
property of the new discrimination technique developed.
The derivation of an expression for the discriminant signal at 
the relaying point for all types of fault and for all time is a rather 
difficult task. Instead, the discriminant signal will be derived at 
the relaying end for only a specified time interval t < t < 3t, as 
explained below. The modal signals at the relay point are proportional 
to their respective modal superimposed voltages at the fault location, 
only for a specified time t < t < 3t. In this respect ref (17) shows 
that the modal signals at the relay point, for a specified time span 
of 2t, are equal to twice the superimposed voltage at the fault point, 
during which time they are independent of the terminating source.
This allows equations (3.2) to be written in the form of eqn (3.6).
It will be recalled that Table 3.3 shows the various relationships 
between modal and actual superimposed voltage components at the fault 
location for conventional faults. These relationships can be used in 
conjunction with the foregoing invariant property to find the 
corresponding modal signals at the relay location for the specified
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time span. The combined expressions for each of the discriminant 
signals (D^, D^, D^) used for single phase to ground selection can 
then be obtained for the different types of fault and are as listed 
in Table 3.6.
Since the ratio between modal signals ^2)and is constant for 
all time after the fault (as explained in the previous section), the 
expressions obtained for the discriminant signals will give a fair 
indication of their behaviour, for all time after each of the faults 
considered. Discrimination between single line to ground faults and 
all other types of fault is achieved using the signals D^, and D^. 
Table 3.6 indicates that for any particular phase to earth fault, 
the discriminant signal associated with that phase is theoretically 
zero, whilst for all other faults it has a finite and significant 
value. The use of three discriminant signals therefore allows reliable 
phase selection, by distinguishing between a single line to ground 
fault and any other type of fault. A detailed description of the 
single pole tripping control is given in Chapter 4.
3.2.2 Particular discriminant signals for segregated schemes
In a more sophisticated scheme, known as segregated tripping, 
signals are needed for double phase and three phase faults, giving 
single, double and three pole tripping with reclosing as necessary. 
Segregated tripping is considered since there is thought to be an 
improvement in stability compared with a single phase tripping scheme 
and outputs are required giving the faulted phases for all types of 
faults. In the latter case total discrimination between all
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multiphase faults is necessary to ensure that the minimum number of 
phases are tripped for each type of fault, ie. single phase tripping 
for line to ground and possibly double phase clear of ground faults, 
two phase tripping for double phase fault and three phase tripping 
for three phase faults.
The tripping of two phases with automatic reclosing did not
appear, in the general opinion, to be of interest due to the marginal
stability improvements gained for the extra complexity of equipment 
employed. It is now, therefore, accepted that any considerable fault 
involving more than one phase, either from its inception or during 
its elimination, should, perforce, involve the tripping of the three 
phases.
Although in recent years increasing interest has been focussed 
on the opening of only one of two faulted phases in the case of double 
line fault clear of ground, there are hardly any publications in 
the free literature, covering that area. Two segregated schemes
have been suggested in the thesis:
(1) The opening of one pole in the case of single phase to earth
faults and double phase faults clear of ground.
(2) The opening of one pole for single phase to earth, two poles 
opening for double phase faults and three poles opening for 
three phase faults.
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3.2.2.1 Discriminant signals for phase to phase faults clear of 
ground
An analysis similar to that presented in the previous section 
for the derivation of single phase to earth discriminant signals 
reveals, that the for phase to phase faults clear of ground the 
discriminant signals for such cases will have the general form:
»ab,bc.ca(t) = >̂ ’ab,bc.caS^'^(‘> ^ ’'2ab.bccaS^'^(‘> ••(3.7)
Once again the values of k1 and k2 required to make the interphase 
discriminant signal zero for that particular interphase fault only 
are easily evaluated, these values being listed in Table 3.7.
The three possible pure interphase faults will be covered 
accordingly by three separate signals of the given form:
Dab(t) =
D^^(t) = . . . (3.8)
D (t) = s(3)(c)ca
The values of the respective pure interphase discriminant signals when 
applied to all conventional faults are given in Table 3.8.
As with the case of single phase discriminants associated with 
single line to ground faults, only the faulted interphase discriminant 
signal is found to be zero, for that particular pure interphase fault. 
The result is that for any pure interphase fault, the discriminant
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will only select the two phases involved. If the first segregated 
scheme is to be considered, then six discriminant signals are required, 










. . . (3.9)
A detailed description of the tripping control of such a scheme is 
studied in Chapter 4.
3.2.2.2 Discriminant signals for double phase faults involving ground 
Although selection schemes capable of discriminating between all 
types of fault do not, at present, represent a practical solution for 
stability improvements as mentioned previously, future technological 
advances may result in a requirement for such schemes. In practice, 
there are hardly any operational segregated schemes which give 
reliable selective pole opening for double phase faults, particularly 
for long line applications. To this end, some feasibility studies 
were carried out into the possibility of producing such a scheme based 
upon the same technique as for single phase tripping schemes.
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Discriminant signals are required for the selection of double 
phase to earth faults and in such cases, the mode-2 and mode-3 
signals have a non-scalar relationship dependent upon the instant of 
fault inception. For any type of double phase to ground fault, the
mode-2 and mode-3 signals at either end of the line for a specific
(2) (2) time T < t < 3t can be expressed by;
S^^^(t) = Vm^^^sin(0 + \ p 2 ) h(t - . . . (3.10)
S^^^(t) = Vm^^^sin(0 + Tp3) h(t - t ^^^) . . . (3.11)
where ;
(2 )0 = W^(t - T ) + ()
(|) = fault inception angle
(2)T = aerial surge travelling time from fault location
to either end
Vm^^^ , Vm^^^ = mode-2 and mode-3 arbitrary constant dependent on
type of double phase to ground fault
ip2 & }p3 = mode-2 and mode-3 phase angle respectively
dependent on the type of double phase to ground fault
Mathematical manipulation of (3.10) and (3.11) produces the signal 
ratio;
S^^^(t)/S^^^(t) = Vm^^Vvm^^^ (cosa + sina /tan(0 + i|)2))
. . . (3.12)
where a  =  \p3 -  ip2 .
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It is clearly seen how the fault inception angle <t>, which is an indepen­
dent variable, controls the magnitude of the signal ratio. Therefore, 
unlike the case of SLG faults (see Table 3.3), a uniquely definable 
relationship between the aerial mode signals cannot be found using the 
previously adopted comparison technique.
An alternative method of discriminant signal derivation has been 
investigated, which includes the use of a mode-1 signal in the 
comparison process. Since the ratio of earth mode to aerial mode 
source impedance is difficult to define, particularly in large integrated 
systems, this method has been found to be practically unsuitable.
Other techniques for obtaining reliable discriminant signals for 
double phase to ground faults are therefore required.
3.3 Initial Results Based on the Lattice Program
Having established a novel technique for achieving phase 
selection, it remains necessary to verify the validity of the scheme 
developed. The lattice program which has been developed earlier can 
serve the purpose of partially testing the new phase selector 
algorithm, and is sufficiently general to allow variation of reflec­
tion coefficients (ks) at both busbar ends (-1 < ks < 1) and fault 
inception angle, for any zero resistance faults located anywhere on 
the line.
The response of a three phase lossless system to a 1 p.u. sin­
usoidal voltage injected at the fault point is carefully studied.
The results of a series of tests demonstrate that the new algorithm
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derived will work satisfactorily with the approximate data generated 
by the transmission line model.
Some results of the new algorithm tests are presented in 
Figs 3.17-3.20 and emphasis is given to revealing the discriminative 
properties of the new phase selectors. Fig 3.17 shows a b-earth 
fault, with fault resistance of zero ohms. The fault is located at 
50km (1/6L) on a 300km ideally transposed line, the phase "a" 
voltage switching angle at the fault point being 90®. The modal 
reflection coefficients for both mode-1 and mode-4 at each bus-bar 
ends are assumed equal and have the values of 0.6 and 0.5 for sending 
and receiving end respectively. Part (a) illustrates the response 
of the three single phase to earth discriminant signals (Dĝ  ,Dy ,D(, ) 
for such a fault. Part (b) represents the response of the three 
pure interphase discriminant signals ) for the same
fault conditions. Fig 3.18 shows a "b"-"c" fault clear of ground, 
located at 50km on the same line considered before. Part (a) and (b) 
represents the behaviour of both single phase discriminant signals 
and pure interphase discriminant signals respectively for such a 
fault. In each case, correct discrimination is achieved, the appro­
priate discriminant remaining zero for the complete observation period,
Fig 3.19 and 3.20 shows the results for a three phase fault and 
an "a"-"b"-"e" fault respectively, whereby it is seen that none of 
the discriminants have a constant zero value, indicating that the 
fault is neither a single line to ground nor double phase clear of 
ground type.
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3.4 Digital Computer Power System Simulation
The new techniques developed were originally verified by using 
an ideal transposed lossless, uniformly balanced, circuit. Therefore 
its feasibility had to be verified when applied to practical systems.
In the lattice diagram method, it was assumed that voltage and current 
waves were subjected to the same attenuation at all frequencies and 
that the line was distortionless. However, in real systems, 
attenuation and distortion are present together with the effect of 
frequency dependent network elements, such as earth conductivity, 
and non-uniform distribution of ground currents respectively.
Direct validation of the new technique, when applied to real 
system configurations, is obtained by means of modern digital simula­
tion techniques in which account can be taken of the effect of non­
transposition of conductors, wave attenuation and frequency variance 
of the transmission line and earth parameters. Furthermore, they 
enable the effect of more realistic source side networks to be investi­
gated. In the present work, a digital computer program using the 
latest digital simulation techniques for modelling the faulted response 
of any arbitrary linear shunt reactor compensated EHV feeder system,
based on the modified Fast Fourier Transform method, was used to
(35 )evaluate the primary system variations . The parameters of the 
system are detailed in Chapter 5.
An initial comparison of results achieved for the same fault 
types simulated in the previous section reveal that, although the 
appropriate discriminants have non zero values, they are sufficiently
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small with respect to all other signals that by suitable processing 
it will be possible to successfully implement the phase selector 
scheme (see Figs 3.21-3.24). An extensive CAD study was then 
performed to assess the development of the new phase selector scheme, 
and to gain an overall estimate of its performance.
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mode-1 mode-2 mode-3 mode-4
Surge 600 300 300 600
impedance ohm ohm ohm ohm
Propagation 200 300 300 300
velocity km/ms km/ms km/s km/s





Useful relations at 
relay locations
I = 1 ^fb fca -e 3 3
fb f c
I = Ifa fc"b"-e 0 0
fa f c
^fa " ^fb"c"-e -3 -3
V = V„fa fb
I = -I.
"a"-”b" 1 1 fa fb
Vfbc “ Vfca
"b"-"c" -1 -1 fb f c
Vfca " ^fab
I r . = -I.f c fac - a
V = V fab ^fbc
Table 3.2 Fixed scalar proportions between mode-2 and mode-3 
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Type of Fault s/2)(t)/s(3)(t) kl k2
"a"-earth 3 -1 3
"b"-earth 0 1 0
"c"-earth -3 1 3
Table 3.5
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Type of Fault s(3)(c)/s(2)(t) kl k2
”a"-"b" 1 1 -1
"b"-"c" -1 1 1
"c"-"a" 0 0 1
Table 3.7
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Fig 3.3(a) Equivalent circuit presented to an 
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Fig 3.3(b) Reflection and refraction of modal voltages, due to an 
incident travelling wave of mode-4 voltage at the point 
of fault for the case of an "a”-e fault
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Fig 3.3(c) Reflection and refraction situation at the fault point, 
































































































































Fig 3.7(a) Reflection and refraction situation at the fault 
point due to an incident voltage of mode-1, for 



















Fig 3.7(b) Reflection and refraction situation at the fault 
point due to an incident voltage of mode-4, for 
the case of a "b"-"c"-earth fault
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Fig 3.9 The two modal interconnected circuits repre­
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Fig 3.11(a) Equivalent modal circuit for "a"-"c" fault
clear of ground
W  = _v.(2)
I fault point
Fig 3.11(b) Reflection and refraction situation at the 








Fig 3.12 (a) Interconnection of modal component circuits 
for the case of an ”a”-"b" fault clear of
ground
Fig 3.12(b) Reflection and refraction situation at the 
fault point due to the inception of either 
of the aerial mode voltage for the case of 















Fig 3.13 Mode-2 and mode-3 independent connection to 
represent a three phase fault condition
Fig 3.14 Lattice diagram of superimposed voltage surges produced 
by an a-earth fault, at = L/4
Modal reflection coefficients at each end; mode-1 = a; 
mode-4 = b. Ratio of model wave speeds (mode-1/mode-4 = 
2/3. Waves of mode-1 are indicated by dashed lines, and 
















X 1 0 “ ’
t ime, ms
(2) „(3)- 2 :
(c) (d)
Fig 3.15 Superimposed voltage waveforms at relay location
- for 100km fault distance 
line length = 300km
- Rp = 0.0 ohms; modal reflection coefficients at local
and remote ends equal 0.4 and 0.6 respectively.
(a) Phase voltage variations following a "c"-earth fault; 
inception at zero of prefault "c"-earth voltage.
(b) Modal variations for the same fault conditions as in (a)
(c) Phase voltage variations following "a" to "b" fault; 
inception at peak of prefault "a" to earth voltage.




























Fig 3.16 Superimposed voltage waveforms at relay location for 100km 
fault distance
Line length = 300km; Rp = 0.0 ohms; modal reflection coefficients 
at local and remote ends equal 0.4 and 0.6 respectively.
(a) Phase voltage variations following a "b"-"c"-earth fault; 
inception at 30® of prefault "a".
(b) Modal variations for the same fault conditions as in (a).
(c) Phase voltage variations following a three phase fault; 
inception at zero of pre-fault ”a”-earth voltage.


























Fig 3.17 Discriminant signals for "b"-to earth fault using lattice 
simulation
- Line length = 300.0km; Rp = 0.0 ohms; = 50 km
- Fault at peak of prefault "b"-earth voltage
- Other conditions are similar to that of Fig 3.15
(a) Responses of phase to earth discriminant signals
(b) Response of pure interphase discriminant signals
Fig 3.18 Discriminant signals for "b"-"c" fault clear of ground using 
lattice simulation
- Fault conditions are similar to those of Fig 3.17
(a) Response of phase to earth discriminant signals



























Fig 3.19 Discriminant signals for a three phase fault
- Xp = 50km; L = 300km
- Fault at 30® of prefault "a"-earth voltage
- Other fault conditions are similar to those of Fig 3.17
(a) Responses of phase to earth discriminant signals
(b) Responses of pure interphase discriminant signals
Fig 3.20 Discriminant signals during "a"-"b"-earth fault condition
- Fault at zero of prefault "a"-earth voltage
- Other fault conditions are similar to those of Fig 3.19
(a) Responses of phase to earth discriminant signals























Fig 3.21 Discriminant signais obtained during "b" to earth fault condition 
using digital simulation
- Fault at peak of prefault "b"-earth voltage
- Rp = 0 ohms; Xp = 50km; L = 300km; transposed;
- VS/VR = 1 < 0°; ZS0/ZS1 = 1
- S.E. S.C.1 = 5GVA; R.E. S.C.2 = 5GVA
(a) Responses of phase to earth discriminant signals
(b) Responses of pure interphase discriminant signals
Fig 3.22 Discriminant signals obtained during "b"-"c" fault condition 
using digital simulation
- Fault at peak of prefault voltage between phases "b" and "c"
- Other conditions are similar to those of Fig 3.21
(a) Responses of phase to earth discriminant signals





























- Fault at peak of prefault voltage between phases "a" and
- Other conditions are similar to those of Fig 3.21
(a) Responses of phase to earth discriminant signals
(b) Responses of pure interphase discriminant signals
Discriminant signals obtained during three phase fault 
condition using digital simulation
- Fault at peak of prefault voltage of "a"-earth voltage
- Other conditions are similar to those of Fig 3.21
(a) Responses of phase to earth discriminant signals
(b) Responses of pure interphase discriminant signals
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CHAPTER FOUR
SECONDARY SIMULATION IMPLEMENTATION AND PROCESSING ALGORITHM OF THE 
NEW PHASE SELECTION TECHNIQUE
The new technique here developed has proven to be satisfactory 
when applied to primary system data. UHV/EHV protection schemes 
derive primary system information via transducers, and are thus 
subjected to transducer errors. Poor transient response of instrument 
transformers leads to errors in the input signals to the relay and 
this in turn may affect the operation of the protection scheme. To 
evaluate the performance of the phase selector, a simulation program 
has thus been developed to incorporate the effects of CVTs and,as 
explained in Section 4.1.2, CT modelling was limited to a simple turns 
ratio.
The design and the performance of current transformers is 
influenced by a number of factors, particularly the steady state 
amplitude of the maximum symmetrical short circuit current that, for 
a given burden, must be faithfully reproduced on the secondary side. 
The major transient quantity of concern is the exponentially 
decaying d.c. component of the primary current and its presence is 
known to be one of the main factors influencing build up of the core 
flux, which is likely to cause saturation. CT saturation means that 
incorrect information is fed to the relay at least during part of a 
cycle. If saturation is caused by the a.c. component of the primary 
current (steady state saturation), both half cycles will be affected.
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However, saturation caused by the d.c. component of the primary current
will affect the secondary current on half cycles of one polarity,
leaving the halves of opposite polarity almost unaffected.
Besides the risk of ferroresonance, the most troublesome case 
for relay protection is the transient response of the CVT following 
large sudden drops in primary voltage. When considering capacitor 
voltage transformers (CVTs), the transient waveforms generated are 
dependent upon a number of f a c t o r s T w o  of the more significant 
factors are the point on wave of fault inception and the nature of
the burden applied to the secondary of the CVT.
The foregoing error considerations are normally associated with 
the performance estimation of distance type protection equipment. 
Distance and directional comparison schemes operate according to 
several different measuring principles, and hence are likely to 
behave differently when errors arise in the measuring quantities 
because of a poor measuring transformer transient response. A 
consideration of the new phase selector measuring quantities will 
therefore enable an estimate to be made of the effect that transducer 
infidelity has on its overall performance.
The directional wave comparison scheme utilises fundamentally 
different basic measurands to those of distance protection. The 
voltage and current signals supplied to the new relay are in fact 
the quantities superimposed upon the system subsequent to a disturbance 
The superimposed component circuit described in Section 4.2.1 is
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used to extract the post fault voltage and current information by 
the suppression of the steady state quantities. An advantage of using 
superimposed rather than actual voltage variations is that the scheme 
becomes virtually independent of CVT transient errors, due to the 
inherent gain (or increase) in signal to noise ratio. (It is 
technically preferable to provide an accurate voltage measurement 
whenever possible rather than compensate for CVT errors as in 
distance protection.) However, since the scheme is not restricted 
to using a compensated voltage signal as explained, no detrimental 
effect on the relay operating performance is produced.
The use of superimposed current components in the directional 
scheme will not, however, alleviate the problem of CT saturation.
Also, high speed of operation helps in the prevention of instantaneous 
saturation. The overall result of using superimposed components is 
that a higher degree of freedom is possible in optimising the 
security-dependability aspects of the protection.
4.1 Transducers Simulation
4.1.1 CVT simulation
GEC Measurements have produced a very accurate model of a CVT 
in order to perform conjunctive testing of relaying equipments. It 
is the frequency response data provided by this model that is 
utilised in these particular CAD simulation studies performed. A 
brief summary of the theory as applied to the CVT simulation is as 
follows. The impulse response of any system is defined by eqn (4.1).
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i(t) = 1 / (2.7t) f(w) dw . . .  (4.1)
i(t) is the impulse response of a system having a transfer function 
f(w) in the frequency domain, and this in turn can be defined in terms 
of a magnitude function m(w), and a phase function p(w), as described 
in eqn (4.2).
f(w) = m(w) . . . (4.2)
For the CVT model considered, m(w) and p(w) are shown in Fig 4.1.
Function f(w) can then be approximated by an equation of the form:
f'(w) = a_ + a, . w + ... + a . . . (4.3)U 1 n
The accuracy of f'(w) relative to f(w) depends on the number of terms 
included in the summation. A method described in reference (19) 
has been used to obtain the impulse response for the CVT considered, 
the form of which is given by eqn (4.4).
" / \ • • " 1 , «  **2 • n ///\i(z) = 1 + i,.z + i_.z + ... + 1 .z . . .  (4.4)o 1 z n
where z  ̂ = e (the delay operator) and T is the sampling interval.
Any primary voltage vp(t) can then be represented by eqn (4.5) and 
the corresponding secondary voltage at any instant of time tn = nT 
is shown in eqn (4.6):
vp(z) = vpg + vp^.z  ̂ + ... + vp^.z ^ . . .  (4.5)
and
n
vs(tn) = Z i. vp T, where k = n-j . . . (4.6)
j=0 J
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The simulation studies performed have been taken for a near 
optimum value of unity power factor burden.
4.1.2 Current transformer simulation
Due to the relatively wide frequency response of CTs, it was 
decided not to produce a detailed CT simulation covering a wide 
frequency range in excess of 2kHz. The reason being that any wideband 
simulation would be effectively swamped by the low pass pre-filters 
used at the input to the proposed transducer relay. The CT currents 
may be assumed to be a faithful reproduction of the primary side 
provided that saturation effects could be avoided, and that the burden 
to high frequency components is predominantly resistive. The CT is 
therefore represented by a simple turns ratio.
4.1.3 Analog prefiltering
Prefiltering has been used at the input to new scheme, both for 
partial noise suppression and for the purpose of balancing the 
frequency spectra of the voltage and current channels. A second order 
Butterworth filter characteristic with a cut-off frequency of 2kHz has 
been developed since the requirement being a minimum of delay to 
power frequency components. The low pass filter transfer function 
incorporated in the simulation program is thus of the form:
F(s) = / (s2 + 2.T.w^.s + . . . (4.7)
where T = 0.707; o)̂  = 2.tt .2000; s = jw.
The simulation technique of the prefiltering function is exactly 
similar in principle to that used for the CVT.
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4.2 Simulation of Basic Signal Derivation Circuitry
The block diagram of Fig 4.2 represents the secondary simulation
from the primary system data to the input to the superimposed
extraction circuits. Primary system data has been computed with a
sampling frequency of 8kHz, since a higher sampling rate would be of
little practical value because the CVT upper cut off frequency is
approximately 600Hz (see Fig 4.1) and the prefilters have a cut off
frequency of 2kHz. The maximum speed of operation of the protection
scheme is controlled by the sampling rate, which is in turn limited
(19)by the hardware processing capability
The practical implementation of the secondary simulation has 
shown, for the particular equipment used, that the optimum sampling 
frequency is 4kHz. As stated above, a 2kHz cut off frequency is chosen 
for the analogue pre-filter which is as high as possible for group 
delay minimisation, whilst still suppressing any aliasing components 
due to Nyquist effects.
4.2.1 Superimposed extraction filtering process
The function of the superimposed extraction filter is to 
extract the steady state component from the total variation of a 
measurand following a disturbance, in order to obtain the net 
superimposed quantity.
Essential requirements of superimposed extraction filter:
(1) To reproduce the superimposed quantities for at least a period 
of time equal to the operating time of the selector.
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(2) To have an impulse response duration as short as possible, since 
this will represent the minimum time before the system can be 
considered to be de-energised, and the discriminant signals used 
in the phase selectors can reselect subsequent disturbances.
(3) To provide maximum attenuation of frequency tracking errors 
generated by normal variations in the system power frequency.
Any extraction filter designed to reject components of a particular 
frequency,produces a spill output when the input frequency changes by 
a small amount. Such conditions arise during power swings and changes 
in load condition. The two types of extraction device considered are 
as follows:
(a) A full cycle extraction device which employs a 20ms delay 
and has a frequency transfer function resulting in zero 
gain at all harmonics of power frequency and at d.c.
(b) A half cycle extraction device employing a 10ms delay 
with zeros at odd harmonics of power frequency.
From a consideration of harmonic rejection, frequency tracking 
errors and impulse duration, it has been established that a cascaded
combination of the two extraction circuits, referred to as the 10,20
 ̂ . (22,23)configuration, offers the best compromise
4.2.2 Digital filter.implementation
In the present work, only the fundamental power frequency 
component (wg) is assumed to exist in the prefault frequency spectrum.
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However, postfault relaying quantities contain a large range of 
frequencies ranging from low frequency exponential components 
which accompany current waveforms to high frequency components 
accompanying voltage waveforms. The content of these frequencies 
in the postfault measurands is mainly dependent upon the fault 
inception angle, the distance to fault and the configuration of the 
system considered. Their presence will therefore Cause a residual 
output from the superimposed extraction process that will persist 
for some time after the impulse duration of 30ms.
Since the main phase selection theory was developed for an 
assumed de-energised system, a fault occurring within the period 
where the residual output is of a significant value, might possibly 
result in incorrect re-selection. In order to cater for such 
cases, which extend the scheme recycle times, and to reduce the gain 
of the extraction filter for frequencies up to 50Hz, further filtering 
after the extraction filter was essential.
(a) Differencing stages
The basic extraction filter cascaded with two differencing 
stages (for the purpose of low frequency attenuation) each having a 
delay of 5ms was found to be adequate for the application considered. 
The impulse response of the filter was then extended to 40ms.
(b) Integral stages
In order to reproduce a similar recovery time for voltage 
maximum faults, some further modification to the filter function
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obtained for voltage zero faults was necessary. The latter was 
cascaded with two integral stages, each having a moving average of 
3.0ms to give adequate performance, for the system studied. The 
complete schematic representation of the digital filter, together 
with the superimposed extraction filtering process, is shown in 
Fig 4.3.
4.3 Control of Source Capacity Coverage
The range of source capacities for which satisfactory fault 
clearance must be obtained in practice is extremely large. Therefore, 
the main directional comparison relay was designed so that the range 
of source coverage can be optimally adjusted in accordance with 
specific applications. The phase selection scheme was designed to 
make use of the same modal signals employed by the directional relay, 
which have the form:
s(2)(t) = K 1^(2)(t)
S^^^(t) = K - RO^Z) 1^(3)(t)
The value of the constant, K, controls the source capacity coverage.
In reference (19) it was found that with K = 5 the source capacity 
coverage extends over the range 1.8 - 35 GVA. If K is reduced below 
5, coverage extends below 1.8 GVA, whereas increasing K will provide 
practical coverage above 35 GVA.
By introducing the source coverage factor, K, into the modal 
signals, the discriminant signals developed for phase to earth
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discrimination remains unchanged. This is because for these particular 
types of fault, the ratio of mode 2 to mode 3 quantities is a scalar 
constant, which remains so for all time after the fault, as explained 
in Chapter 3.
4.4 Determination of Setting Limits
The phase selector hardware incorporates several stages and 
associated gain constants as shown in the block diagram of Fig 4.4.
In many cases, some of these constants are application dependent, 
but others are merely a function of system voltage and transducer 
ratios, these being common to a whole range of systems. Appendix A2 
outlines the setting procedure for determining each intermediate gain 
and a brief description of the effects of each stage is given below.
(i) Voltage interface constant, Kv
The constant Kv is used to scale down the input voltage level 
from 63.5 volts r.m.s. to the maximum internal voltage of 10 volts.
In order to maintain the voltage channel within 10 volts peak to peak, 
it was necessary to compensate for a maximum fault induced overvoltage 
of 2 p.u. of the peak value, hence:
Kv = 10 /(2 X /2 X 63.5) = 0.0557 . . . (4.9)
(ii) Current interface constant, Ki
The dynamic range of input current levels produced under various 
fault conditions is very large. A current interface gain calculated 
upon the maximum value would therefore render the measurement of small 
superimposed current components very difficult. In order to maximise
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the scheme sensitivity for in-zone faults and to prevent the current 
channel of clipping for out-of-zone disturbances (for improved 
recovery performance), a value of is calculated as the maximum 
possible out of zone fault current level. Then, allowing for a complete 
offset of fault current as in voltage zero point on wave faults, Ki is 
found from:
Ki = 10 / (2 X /2 X I^) . . .  (4.10)
(iii) Phase to modal transformation constant. Km
The aerial mode voltage and current are of the form of eqn (4.11):
Vm2 = (V_/2 - V-/2) . Km2
. . .  (4.11)
Vm3 = (V^/6 - Vy/3 + V^/6) . Km3
The maximum values of Vm2 and Vm3 occur during balanced three phase 
fault conditions and Km2 and Km3 can be chosen such that the maximum 
value of both Vm2 and Vm3 are maintained at 10 volts after the
transformation. Hence, Km2 and Km3 will be equal to 1.155 and
Km3 = 2.0.
Under single phase to earth fault conditions, the selector relies 
for its operation upon a fixed ratio of mode 2 to mode 3 voltage and 
current. The effect of scaling the modal quantities will therefore 
unbalance this aerial mode relationship. To overcome this problem, the 
mode 2 and 3 signals are scaled by the same constant factor which, to 
avoid the maximum value of either signal exceeding the maximum value 
of 10 volts, is taken as 1.155. Hence,
Km = Km2 = Km3 = 1.155
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(iv) RO adjustment constant, Kv2
The secondary aerial mode surge impedance, ROsec, is calculated 
by using the step down ratio of both CVT and CT, as given by:
ROsec = (110/500) x (1200) x RO primary . . . (4.12)
The constant gain Kv2 is introduced to facilitate fine adjustment of 
the ROsec setting and is dependent upon the constant clipping current 
level, Ki. The correct signal scaling, whilst maintaining strong 
signal levels throughout the voltage channel filter for the purpose 
of minimising noise, is applied by considering the equality:
Kv . Kv2 / 2* . Ki = 1 / RO . . .  (4.13)
The above equation can be rearranged to give the remaining 
voltage gain, Kv2, in the form:
Kv2 / 2* = Ki / RO / Kv . . .  (4.14)
The term 2^ represents an integer power of 2 which simplifies division 
in the digital process. The correct choice of n is such that the gain 
Kv2 lies within a limited range 1.0 < Kv2 > 0.5, so that the errors 
within the analogue to digital conversion and digital filtering 
remain small.
(v) Analogue to digital conversion constant, Kc
This gain is representative of the analogue to digital conversion, 
whereby a signal voltage of +10 volts is converted to a digital two's 
complement number of 2048. For this purpose, a 12 bit ADC unit was 
modelled resulting in a signal of ±10 being represented by 4096 
quantisation levels.
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Hence, Kc = 2048 / 10 . . .  (4.15)
(vi) Digital filter gain, Kf
This gain is a frequency dependent parameter. However, its 
magnitude at the power frequency is important because the prefault and 
postfault signal waveforms are dominated by power frequency components, 
which in turn determine the peak signal levels achieved within, as 
well as at the end of the digital filter. From Appendix A2 the digital 
filter has an overall 50Hz gain of 95.6 and an intermediate gain of 
47.8 at the output of the integration stages, making it necessary to 
scale the signals throughout the filter to avoid overflow. A gain 
reduction of 1/8 was found to be most suitable, since the digital 
processing is performed by a 16 bit processor. The gain Kf is then 
given by:
Kf = 95.6 / 8 = 11.95 . . . (4.16)
The scaling down of the signals causes an increase in the quantisation 
noise in the digital filter which can be reduced by scaling down the 
signal in two stages, using a factor of 1/4 and 1/2 at the output of 
the integral stages respectively.
(vii) Digital gain for phase selector
The final mixing of the signals, ^2sm3 result in
digital overflow occurring within the microprocessor, and to overcome 
this problem a gain reduction, dependent upon the type of tripping 
scheme used, is introduced. For the single phase tripping scheme 
shown in Fig 4.4, a gain reduction of 4 is necessary.
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4.5 Formation of Discriminant Signals to Provide Single Phase Tripping
The previous sections describe the hardware employed in the
prototype equipment, the components and gains of which are represented
by the block diagram of Fig 4.4, which also includes the phase
selector. Both modal signals and are fed into the selector
circuitry and these are combined together to give the single phase to
earth discriminant signals D ,a,b,c
4.5.1 Criteria of the decision process
The discriminant signals D , D, and D are fed into a decisiona b c
logic equipment which will determine, within a short period of time 
consistent with UHS requirements, whether or not the fault is of the 
single phase to earth type. Further logic circuitry then initiates 
the appropriate tripping signals in accordance with the type of fault 
involved.
When a single phase to earth fault occurs, it is necessary to 
adjust a threshold level such that only the faulted phase discriminant 
signal lies below that level, in order to retain correct discrimination, 
It will be recalled from Chapter 3 that under the assumption of an 
ideally transposed lossless line, the discriminant signal of the 
faulted phase will measure zero, since the mutual coupling between the 
sound phases is identical. However, in practice, the faulted phase 
discriminant signal does not settle to zero but fluctuates around it, 
and can be considered as noise input to the selector.
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The threshold level chosen is a compromise between speed of 
operation and security. A very low level would increase the sensitivity, 
and hence the speed of the phase selector, but this obviously increases 
the possibility of noise components exceeding the threshold, leading 
possibly to incorrect discrimination.
Some other unwanted components which can be considered as noise 
input to the selector include frequency tracking errors associated 
with the superimposed signal extraction process, general system noise 
and noise introduced into the signals from the relay hardware.
Computer studies have been employed to optimise the minimum threshold 
level setting that is always greater than the total magnitude of the 
expected noise components. The result is that the best possible 
security and speed of operation of the phase selector is achieved.
The block diagram of the full decision process is shown in Fig 4.5.
The processing of signals D^, and is identical therefore 
with reference to the simplified diagram of Fig 4.6; only that for 
will therefore be described. An event is defined to be when the 
modulus of the discriminant signal exceeds the preset minimum 
threshold level. The event counter associated with the "a"-phase 
discriminant signal is incremented in steps of one after each event, 
up to a maximum of 25. A memory action is provided by a shift 
register, in which the previous five values of the event counter are 
stored. In the absence of a successive event, the status of the 
register provides the criteria for decrementing or holding the event 
counter output.
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Under certain fault conditions where the discriminant signals 
are of the same order as the threshold level, or in situations of 
signal corruption due to noise, a delayed counter decrement is used.
For the latter case, a decrement action is vital for maintaining 
security and correct discrimination for subsequent disturbances. An 
immediate decrement of the event counter would ultimately decrease 
the speed of operation, but the knowledge of several previous counter 
values permits a delay of the decrement rate. Extensive CAD studies 
have proven that a decrement delay of 5 samples provides the optimum 
balance between the selector speed and security of operation.
Fig 4.7 and the accompanying Table (4.1) provide a better understanding 
of the operation of the event counter and the associated register.
The digital phase selector event counters provide fault informa­
tion at discrete intervals of time and any final decision must be based 
upon a consecutive number of identical fault indications, in order to 
improve security. The flow diagram of Fig 4.8 describes the operation 
of a common decision counter which co-ordinates the action of the 
three event counters. The common decision counter is initiated when 
any of the event counters reaches a decisive value and is used to 
delay the final selection by four samples. After reaching a count 
of four (which is an optimised value gained from experience), the 
common decision counter then allows the phase selector to make a 
decision based on the states of the three individual event counters.
The three discriminant signals exceed the present minimum thres­
hold level almost simultaneously for all types of fault except for
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double phase to earth and three phase faults. The reason is that the 
discriminant signals in such cases are largely influenced by the 
time at which the fault has been initiated. The worst condition 
encountered is when two of the discriminant signals exceed the threshold 
almost simultaneously, whilst the third remains below the threshold 
for some time and then exceeds it. In order to determine this 
maximum delay time, a large number of fault type simulations were 
necessary to determine the optimum number of samples required to avoid 
wrong decisions being rendered. In this respect, it was found that 
adequate performance is achieved if the decision is held until 4 
samples elapse after the decisive count of 4 is first reached. Further­
more, a decision is held if each of the individual event counters does 
not satisfy the condition of having a value greater than 5 or less 
than 2, and further individual events are processed until such a 
situation is met. The output from the selector is either high or 
low if the event counter associated with that output has a count 
greater than or equal to 5 or less than 2 respectively. It will be 
shown later in this section that the selector is designed to always 
give a three phase tripping indication (fail safe mode), therefore the 
delayed action mentioned above will not introduce any overall delay 
in the scheme operating time.
If a fixed threshold level is considered, the reset of the 
counter after an initial decision being rendered, would restart the 
initialisation process, because the discriminant signals are still 
valid for the impulse duration time of the digital filters. In 
addition, any low frequency components present in the discriminant
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signals, which are only partially attenuated by the digital filter, 
may also cause the counting process to recommence. In order to 
overcome these problems, a variable threshold level based upon the 
magnitude sum of the three discriminant signals, was considered.
A slight drawback of using a sum of all three signals is that 
under certain evolving fault conditions, the second fault remains 
undetected, if it occurs during the insensitive period of the selector. 
Three variable threshold levels were therefore implemented, each 
monitoring the discriminant signal of the corresponding phase, which 
improves the selecting and re-selecting performance of the scheme.
The effect of utilising a variable threshold level is that the 
selector is desensitised during the initial detection period, which 
could result in a reduced speed of operation or at worst no fault 
detection at all. By introducing a delay into the variable level 
algorithm, the period of maximum selector sensitivity can be increased 
to improve phase discrimination. However, this extra delay directly 
increases the minimum period for which the selector is desensitised, 
following an initial disturbance.
The foregoing requires the use of 3 dynamic threshold levels as 
functions of time L^(t), L^(t) and L^(t), each monitoring their 
corresponding discriminant signal. The averaging algorithm developed 
for calculating these dynamic levels is then:
n=72
L (t) = 1/N E [D . (n-m) ] . . .  (4.17)a.b.c m=32
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The effect of each variable level is to produce a delayed summation
over a window of information of 10ms, which helps in reducing the
rate of rise of L(t) in the initial fault inception period whilst
maintaining maximum selector sensitivity and providing a smooth
average for components around the fundamental frequency. The delay
of the moving average window, together with the window width, dictates
the time taken after the impulse duration time of the filter for the
full sensitivity to be regained following a disturbance. In order
to prevent the immediate increase of the threshold levels L , (t)a,b,c
with D , (t) respectively, the averaging window is delayed by 8ms,a, b ,c
which in turn enables selection to be accomplished for all point on 
wave with the preset fixed minimum threshold level being maintained 
throughout the comparison period.
The discriminant signals are only available for comparison 
during the impulse response time of the digital filters. Once the 
selector has made an initial decision, the trip outputs are latched 
until all of the dynamic thresholds have returned to their minimum 
levels. During this latched period, the selector decision can only 
be changed for one particular fault condition, that being a single 
phase to earth fault evolving into any other type of fault. For this 
particular case, the event counter of the faulted phase is tracked 
to determine whether it exceeds the decisive count of 10. If so, the 
selector decision can then be changed to give a three phase trip, 
following which selector lock-out takes place.
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4.5.2 Tripping logic implementation using tabulation techniques
After the phase selector has reached a decision, the outputs are 
fed into a trip logic circuitry which initiates appropriate signals 
compatible with the required single pole auto reclosure. The 
selector operations, depending upon the nature of the fault, are 
summarised as follows;
(1) Temporary single phase to ground: The main relay (detector) 
will be prevented by the phase selector. Only the pole involving 
the faulted phase is tripped and reclosed.
(2) Permanent single phase to ground: Single pole tripping is the 
same as above, then three pole tripping following unsuccessful 
single pole reclosing.
(3) Single phase to ground followed by another fault while one pole 
is opened. Three pole tripping should be issued.
(4) Three pole tripping is initialised following other than single 
line to ground faults.
The trip logic circuitry of the new selector is shown in Fig 4.9, 
with the accompanying truth table describing the various outputs for 
all possible combinations of input signals D^, and D^. This 
circuit can then be successfully integrated with further scheme logic 
to enable the selector to satisfy the four above operation require­
ments.
The overall trip decition (T) from the main relay controls any 
final tripping from the selector. However, the selector is used to
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override the decision in the case of single phase to earth faults,
whereby only one tripping signal is given. The selector must be fail
safe for cases where the discriminant signals D , are not relateda,b,c
and produce input patterns. The truth table shows that for any faults 
other than single phase to earth and for any other arbitrary input 
conditions, the trip logic circuitry of the selector initiates 
three phase tripping. In the case of unrelated input conditions and 
when each discriminant signal is zero due to an internal malfunction, 
the selector has a fail safe mode of operation to improve the security 
of the scheme. This permits three phase tripping to be initiated, 
depending upon the main scheme decision alone. The selector cannot 
differentiate between in-zone and out of zone disturbances and any 
selector tripping for out of zone faults is inhibited by the main scheme
The performance of the decision process for a ”b" to earth fault
is shown in Fig 4.10, in which the time origin is the time of fault
inception. Fig 4.10 shows a delay existing due to wave propagation
of 0.1666ms after which the counters will operate according to the
fault type. It will be recalled from the previous section that any
event counter reaching a decisive count of four will enable a common
decision counter, which in turn prevents a decision being made until
further samples have been processed. This delay after the arrival of
the measurands, can be seen from Fig 4.10 and is due to the finite
time required for both counters to render the decision, which will be
latched until the fault is cleared. Fig 4.10 represents the trip
output from the logic circuitry described in Fig 4.9. The final trip
decision (T„ , T„, and T_ ) is controlled by the main directional Fa* Fb Fc
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comparison scheme, and only if the fault is inside the protected zone 
will tripping actually be initiated (see Fig 4.9).
Chapter 8 deals in more detail with the complete auto-reclosure 
scheme.
4.6 Formation of Discriminant Signals for Particular Segregated Scheme
Application
The formulation of the discriminant signals to include the selection 
of double phase clear of ground faults is described in Chapter 3. A 
further three interphase discriminants are required and the signal 
mixing process is shown in the block diagram of Fig 4.11. It is seen 
that the new set of discriminant signals is divided by a factor of 2 
to avoid overflow problems.
The decision criteria for the selection of double phase clear of 
ground faults is exactly the same as for the single phase to earth case. 
The segregated scheme merely requires more complex tripping logic 
circuitry to provide single phase tripping, as shown in Fig 4.12.
For the particular case of an "a"-"b" fault, the discriminant 
signals shown in Fig 4.13 verify the foregoing algorithm, in that only 
the discriminant signal concerned with phases "a" and "b", D^^, 
remains low, whilst all others exceed the threshold level.
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The individual event counters then indicate that the fault 
involves the "a" and "b" phases only. After the 4 sample delay 
associated with the common decision counter the six event counter 
states are processed by the tripping logic mentioned above. As 
seen in Fig 4.14, the overall scheme decision is that the "a"-phase 
only should be tripped.
Alternative tripping logic could be implemented to provide 
two pole tripping, ie. both "a" and "b" phases for the above case, 
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Fig 4.5 Block Diagram of Decision 
Process
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Before After Before After
1 Below 00000 00000 0 0
2 Above 00000 00001 0 1
3 Above 00001 00011 1 2
4 Above 00011 00111 2 3
5 Below 00111 01110 3 3
6 Below 01110 11100 3 3
7 Below 11100 11000 3 3
8 Below 11000 10000 3 3
9 Below 10000 00000 3 3
10 Below 00000 00000 3 2
11 Above 00000 00001 2 3
12 Above 00001 00011 3 4
Table 4.1 Operation of event counter and associated register
^  START ^- EC , EC, , EC ; Event counters fora b c , - ,phases a, b and c
- A, B, C ; Decision outputs
for phases a, b and c
- CDC : Common Decision Counter CDC = 0?
Any
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Fig 4.10 Signal variations at different output stages within the phase
selection equipment, for the case of single phase to ground fault
- 4-section feeder; shunt compensated; discretely transposed
- Type of fault "b"-e; at peak of prefault "b" to earth voltage; Xp = 50km; 
Rp = O.Sfi; Minimum threshold = 45 quantisation levels
(a) Discriminant signal variations (Da, Db, Dc)
(b) Dynamic threshold level response (La, Lb, Lc)
(c),(d),(e) Event counters (ECa, ECb, ECc) of phases "a", "b" and "c"
respectively
(f),(g),(h) Output from tripping logic (Ta, Tb, Tc), see Fig 4.9
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Fig 4.12 Simplified form of tripping logic for single pole opening for
double phase clear of ground and for single phase to earth faults
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Fig 4.13 Output signals at intermediate processing stages within the
phase selection equipment, for the proposed segregated tripping
scheme
- 4-section feeder; shunt compensated; discretely transposed
- Type of fault "a''-"b" fault; at peak of prefault voltage between 
phases "a” and "b"; Xp = 50km; Rp = 0.5^
(a) Phase to earth discriminant signals (Da, Db, Dc)
(b) Interphase discriminant signals (Dab, Dbc, Dca)
(c), (d), (e) Event counters (ECa, ECb, ECc)
(f), (g), (h) Event counters (ECab, ECbc, ECca)
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PARAMETERS OF SYSTEMS STUDIED
In practice there are a large number of possible system 
configurations, but feeders which have more than four sections 
between main generation sources are rarely encountered. Therefore, 
a general study has been carried out to evaluate the performance of 
the newly developed phase selector when applied to several different 
system and source conditions. Two common single circuits of 
differently constructed lines are considered, these being a horizontal 
construction with twin shield wires and a vertical construction with 
a single shield wire.
The basis of the power system simulation is a mathematical
program using the Modified Fourier Transform Method. The program
calculates the instantaneous values of the voltages and currents
at any relay location in a single circuit, three phase transmission
line. The realistic primary system simulation techniques developed
(33 35)by Johns and Aggarwal * are sufficiently flexible to incorporate 
the frequency variance of all line and earth parameters as well as 
the effect of discrete conductor transposition, commonly used in 
long distance transmission.
5.1 Transmission Line Parameters of Horizontal Construction
The general study for such cases has been performed for the 
two configurations illustrated in Fig 5.1. Each can either be
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compensated for the long line application (300 km) by the 4-reactor 
scheme located at each section end, or uncompensated for short line 
(120 km). Both lines are regularly transposed through three equal 
intervals at the termination of each section or at intermediate 
points thereon, where required.
In the case of the 4-section feeder (Fig 5.1(b)), the faults are 
simulated on the 300km section shown, and it is fed by the main sources 
(S£. 1 and S.C.2)at its remote ends as well as from other local source 
infeeds (S.C.3, S.C.4 and S.C.5).
The single section feeder is fed from the main sources SCI and 
SC2 as shown in Fig 5.1(a).
5.1.1 Line construction
Fig 5.2 shows the typical quad conductor 500kV line configuration 
considered. The positions of the conductors illustrated correspond to 
the positions over the first one third of the line section from the 
sending end of any discretely transposed section (Fig 5.3).
The data for the horizontal constructed line is:
(i) Phase conductors4x 477 MCM A1 alloy, 21.5mm overall equivalent, 
242mm^ A1 equivalent, 19/4.3 mm stranding.
(ii) Earth shield wires 7/35 mm Alumoweld.
(iii) Earth resistivity 1000/m.
(iv) Distance between arcing horns 4.05m.
(v) Conductor resistance, 0.0217512 0/km (at 50Hz).
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(vi) Conductor reactance, 0.00380647 0/km (at 50Hz).
(vii) Earth wire resistance, 1.0916841 0/km (at 50Hz).
(viii) Earth wire reactance, 0.3877944 O/km (at 50Hz).
(ix) For the two system configurations considered, line lengths are;
(a) for the single section feeder system, L(120-300km);
(b) for the 4-section feeder system line length are 
300, 300, 150, 150 km from the sending end to 
receiving end respectively.
5.1.2 Computed basic parameters
The basic line parameter matrices are the series impedance (Z) 
and the shunt admittance (Y) matrices which are uniformly distributed 
along its length. For a multiconductor line, the basic line 
parameter matrices have been formulated for realistic transient 
studies, and are reported elsewhere^^^'^^*^^^. Other line parameter 
matrices such as surge impedance (ZO), surge admittance (YO), and 
propagation constant are then derived from these basic parameters.
The line series impedance (Z) and shunt admittance (Y) matrices at 
power frequency (50 Hz) are shown below.
(0.1019157+j0.5011533) (0.7914845+jO.1856753) (0.08136367+jO.227285) 
(0.7914845+jO.1856753) (0.1019157+j0.5011533) (0.08136367+jO.227285) 
(0.08136367+j0.227285) (0.08136367+jO.227285) (0.1049047+j0.4979125)
X 10 f2/m . . . (5.1)
Z =
Y =




. . . (5.2)
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From equation (5.1) and (5.2) the propagation constant matrix [y] 
the surge impedance matrix [ZO] and the corresponding surge 
admittance matrix [YO] can be calculated.
Modal surge impedances
The general differential equations used to define wave propa­
gation in a multiconductor transmission system have the form:
d2[V]/dx2 = [P][V], d2[I]/dx2 = [R][I]
where [P] = [ZY]
[R] = [YZ]
For the purpose of frequency domain analysis, the transformed values 
of the voltage and current vectors are taken, such that:
d^[V]/dx^ = [P][V], d^[I]/dx^ = [R][I]
(37)
. . . (5.3)
By using the method developed by Wedepohl , the actual voltages 
and currents are related to some fictional quantities by the following 
relationships :
[V] = [S][Vc] , [I] = [Q][Ic] . . . (5.4)
Where [S] and [Q] are transformation matrices and [Vc] and [Ic] are 
modal component vectors, such that:
[Vc] =
Substituting (5.4) into equation (5.3) gives:
(1)
Vc :c
(2) and [Ic] (2)Vc Ic
y(3) l(3)c c
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d2[Vc]/dx2 = [S"1 P S] [Vc]
d2[Ic]/dx2 = [Q-^ R Q] [Ic]
, . . (5.5)
There are a number of transformation matrices (Q&S) which can
- 1  “ 1be chosen to diagonalise the product [Q P Q] and [S R S] in 
equation (5.5). If an ideally transposed single circuit line is 
considered the form Q=S given in equation (5.4) is particularly 
useful,in that the modal components of voltage and current are easily 
derived as linear scalar combinations of the actual phase variations.
[Q] = [S] =
1 1 1
1 0 - 2
1 - 1 1
The use of the foregoing transformations (Q=S) to diagonalise the 
modal relationships of eqn (5.5) yields a set of decoupled propagation 
characteristics described by equation (5.6).
41̂ . . . .  (5.6)dx^ c c dx-̂  c c
These equations show that wave propagation in a three phase line can 
be considered in terms of three separate and independent components, 
each possessing its own propagation constant (y) and associated surge 
impedance [ZO]. Because idealised line transposition is assumed, 
the surge impedance assoicated with each mode is as given in equations 
(5.7) (II).
(2) (3)The values ZO = ZO are seen to be dependent on the p.p.s.
line parameters and are often referred to as aerial mode surge
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impedances. On the other hand, the so-called earth mode surge 
impedance ZO^^^ depends on the zero sequence parameters of the line.
ZO^I) = (Zs + 2Zm) / (Ys - 2Ym) = ZLO/YLO
O ' )ZO^  ̂ = ZO^^^ = (Zs-Zm) / (Ys+Ym) = ZL1/YL1
The values of the average sum of all conductor self impedances 
and admittances at power frequency can be found by substituting for 
the corresponding values of Z and Y obtained in equations (5.1) and 
(5.2) in equation (5.8) and (5.9) respectively.
Zs = (Z(1,1) + Z(2,2) + Z(3,3)) / 3 . . .  (5.8)
Hence,
Zs = (1.02912 + j5.00073) x 10~^ Q / m
and
Ys = (Y(1,1) + Y(2,2) + Y(3,3)) / 3 . . .  (5.9)
then
Ys = -(J3.491152) X 10  ̂ u/m
Similarly, the average sum of all conductor mutual impedances and 
admittances at power frequency are given by:
Zm = (Z(1,2) + Z(2,3) + Z(3,D) / 3 . . .  (5.10)
= 0.8062525 + j2.134152 x icT^ r2/m
and
Ym = (Y(1,2) + Y(2,3) + Y(3,D) / 3
= - (j4.947724) X 10 U/m ’ * * (5.11)
The values of the zero and positive sequence line impedance and
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admittance are then obtained as follows:
ZLO = (Zs+2Zm) = (2.64163+j9.26903A) x 10”  ̂ O/m 
YLO = (Ys-2Ym) = (j2.501607) x 10"^ U/m
and
ZL1 = (Zs-Zm) = (0.2228675+j2.866578) x 10’^ fi/m 
YL1 = (Ys+Ym) = (j3.985924) x loT* u/m
The earth and aerial mode surge impedances are calculated by 
substituting in equation (5.7) for the values of the zero and 
positive line sequence line impedance and admittances.
ZO^I) = ZLO/YLO = (614.735718 - j85.88839)
and
Z0^2) = Z0^3) = ZL1/YL1 = (268.377 - j10.417)
5.1.3 Shunt reactor parameters
Fig 5.4 shows the circuit of the four reactor arrangement 
considered. The parameters of the reactors are determined assuming 
ideal transposition of the line section to which the reactor bank 
is connected.
The parameters of the shunt reactor bank, when arranged to 
compensate one half of any line section of length 1, are as given 
in equation (5.12):
hi = BL1/BC1 = 2/(w 2 LI Cl 1)
hO = BLO/BCO = 2/(w 2 LO CO 1)
. . . (5.12)
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The line shunt capacitances (Cl, CO) are calculated by 
averaging the sum of all conductor self and mutual capacitances per 
unit length of the line section to be compensated.
Reactor impedances consistent with constant values of Rp, Rn,
Lp and Ln, as defined in reference (35) are used in the course of 
this work and are given below:
Zp = Rp + jo)Lp = Z/w^hlCIl {1/Q +
Zn = Rn + jwLn = 2(h1C1-h0C0)/3a)^h0h1C0C11 {1/Q + jo)/w^}
. . . (5.13)
A typical Q-factor of 250 was assumed for the neutral and phase 
reactors, which allows the relatively small values of Rp and Rn to 
be neglected. In practice, the normal service loading levels on long 
compensated feeders are typically between one half and two thirds of 
the surge impedance power level, and the corresponding level of 
p.p.s. shunt compensation required (hi) is approximately 0.75.
For the line considered, the sequence capacitance ratio CO/CI is 
approximately equal to 0.62761, and the associated level of zero 
sequence compensation (hO) required to theoretically minimise both 
secondary arc current and residual voltages is approximately
0.6016635(39'40)
That is, for a value of hi of 0.75, to produce a value of 
Isec = 0 pu, the value of hO required is 0.602. The values of hi
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and hO are then used to calculate the optimum reactor impedances 
(ignoring the effect of electromagnetic coupling), which for this 
case are:
Xn = j733 0 (at 50Hz)
Xp = j22301 n (at 50Hz)
and X0/X1 = 1.986
For a 300km line, it was found that to limit the capacitive
component of the steady-state secondary arc current to 20A rms, the
value of hO is: hO = 0.8787121 for hi = 0.75.
The neutral inductance Xn in such a case will be:
Xn = j267.5 0 
and X0/X1 = 1.359
The impedances of Xn and Xp are seen to be very much smaller than in 
the former case, and since the capital cost of reactors is roughly 
proportional to X^ which represents a considerable saving in cost.
The majority of the studies were therefore performed with the 
two latter degrees of compensation, but for studies involving 
different levels of p.p.s. compensation (hi), hO is chosen to 
minimise the secondary arc currents and the recovery voltage.
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5.1.4 Source parameters for different sections studied
For the purpose of confirming the digital simulation here 
described, a general source model based upon arbitrarily defined 
short circuit levels at the terminating busbars was developed 
(see Fig 5.5).
The impedance matrix of each local infeed/outfeed has been 
estimated from a knowledge of the power frequency short circuit 
levels and the ratio of zero phase sequence to positive phase 
sequence impedance of the source in question. More complex local 
source network models can be simulated instead of the normal lumped 
parameter source network, but in many applications the local 
infeed during fault conditions is relatively small and the 
considerable extra computational effort required can be avoided 
without serious loss of realism.
(a) Single section feeder
Sending end source capacity S.C.1 = (500 - 50000 MVA)
Receiving end source capacity S.C.2 = (500 - 50000 MVA)
Q-factor at nominal power frequency (50Hz),X/R = (30 - 100) 
Source ZS0/ZS1 ratio = (0.5 - 1.0)
(b) Four section feeder
The Q-factor at the nominal power frequency of 50Hz was taken 
as 100 for all p.p.s. and z.p.s. source impedances.
The source ZS0/ZS1 ratio and their capacities starting from 
sending end are as follows:
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S.C.1 = 0.25 CVA ZS0/ZS1 = 0.4
S.C.2 = 5.0 CVA ZS0/ZS1 = 1.0
S.C.3 = 5.0 CVA ZS0/ZS1 = 1.0
S.C.4 = 1.0 CVA ZS0/ZS1 = 0.5
S.C.5 = 5.0 CVA ZS0/ZS1 = 0.5
5.1.5 Modified fast Fourier Transform parameters
The occurrence of a fault on the line causes voltage and current 
components to propagate away from the fault towards each source. A 
proportion of these components is reflected from the terminating 
busbars and from within each source network, to form a series of 
travelling waves which are ultimately damped by the system. Such 
phenomena represent a wide frequency variation, and it is therefore 
necessary to evaluate the system equations over the entire frequency 
spectrum of the disturbance in order to obtain the complete 
transient response. The Modified Fast Fourier Transform Method (FFT) 
forms the basis by which the frequency spectrum is used to determine 
the corresponding time variation of any voltage or current of 
interest.
In order to implement the FFT digitally, it is necessary to 
truncate the infinite range of integration. This finite range of 
integration gives rise to Gibbs oscillations which are overcome
by the introduction of the a factor to improve the rate of rise at 
the integrand discontinuity points. Furthermore, a very small step 
length is necessary for the numerical evaluation of the inverse 
integral. This is due to the fact that the poles of the integrand
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may be close to the path of integration, which causes the integrand 
to peak. Hence, to ensure numerical stability when the integral is 
evaluated digitally, and to move the path of integration away from 
the poles, so producing smoother integrand and allowing the use of a 
greater step length, a frequency shift constant alpha (a) is 
introduced.
The relationships between the sigma factor (a), frequency shift 
constant (a) and truncation frequency are the subject of an 
extensive study by Day et al. The appropriate values for these 
quantities should be used to guarantee the success of the computational 
results.
In the present studies, these parameters are taken according to:
(1) Choice of observation time "Tob" : Tob is simply chosen as the
time duration of interest in the transient analysis. It should 
be pointed out that there is a tendency for the time function 
to break up as t -> Tob when applying the inversion formula, 
which means that it is necessary to discard results obtained 
for t > 0.8 Tob. Therefore, Tob is chosen slightly larger 
than actually required to make allowance for this phenomena.
The choice of Tob controls the value of the basic frequency.
Aw, according to Aw = ir/Tob.
(2) Choice of frequency shift constant "a" : An empirical formula 
is applied which limits the value of alpha to alpha = 2Aw. But, 
since Aw is fixed by the choice of Tob, a is found directly from
a = 2m/Tob
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(3) Choice of number of samples "N" : The choice of N is
determined in relation to the bandwidth of f(t), assuming 
that f(t) represents the response of a physical system.
It will generally be possible to assign a value of angular 
frequency 0 rad/sec, beyond which the frequency spectrum 
associated with f(t) may be reasonably neglected. A 
knowledge of the physical system involved will enable an 
appropriate choice of Ü to be made.
Based upon this value, N can be determined from:
N = îî/2.Ao) and since Aw = u/Tob, then N = Tob.O/2/n
It is of interest to note that the above choice of N leads 
to the following sampling rate in the time domain:
Sampling rate = 1/2.Aw = 2.N/Tob
= 2 M / 2 - Ï Ï
= 2.(bandwidth in Hz)
The sampling rate for the studies were carried out at 8kHz. 
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5.2 Multi-Ended, Plain Feeder with Sequential Fault Capability
A versatile program was developed to simulate the practical 
system model of Fig 5.6. This program represents a 2-section feeder 
with relay locations R1, SI covering line PQ and R2, S2, covering 
line QR. Faults can be simulated on either of the 2 sections, PQ 
and/or QR. A fault in section PQ is considered as an in-zone fault 
for relays R1 and SI, but as out of zone disturbance for relays R2 
and S2. This program simulation gives a greater flexibility for 
examining the performance of the selector equipment under a variety 
of forward and reverse disturbances. The sequential fault facility 
enables the simulation of sequential as well as evolving faults on 
the system allowing the performance of the phase selector to be 
studied under such conditions.
The sequential capability allows a first fault to occur on 
either line section followed, after a specified delay, by a second 
fault on the other section. This facility is not only useful for 
studying the recovery performance of the digital filter within the 
process, but also to indicate whether the selector will reselect 
correctly on the occurrence of a second disturbance on the system.
At each busbar, equivalent source networks can be formed from 
a combination of local generation and any number of infeeding lines. 
The measurands presented to all relay locations are then representa­
tive of those that would be produced by a system of a much higher 
degree of complexity.
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Most of the modelling techniques and computational algorithms 
applied to the system described earlier are equally applicable for 
this multi-ended; vertical construction system, thus simplifying 
the implementation of the simulation.
Parameters of vertical construction system;
The short line studies apply to a typical quad conductor 
AOOkV line, having the mean spacings given in Fig 5.7.
The data for this line is;
(i) Phase conductors are 4x54/7/0.33 cm s.c.a. with 0.305 m 
bundle spacing (bundles =4).
(ii) Earth wire is 54/7/0.33 cm s.c.a.
(iii) Earth resistivity is 1000/m.
-4(iv) Conductor resistance = 0.2175x10 0/km (at 50Hz).
(v) Conductor reactance = 0.3810x10 ^ 0/km (at 50Hz).
- 2(vi) Earth wire resistance = 0.1902x10 0/km (at 50Hz).
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Fig 5.1 Schematic diagram of the shunt-compensated systems
studied
(a) Single-section feeder system
(b) Four-section feeder system 





















Fig 5.2 500kV line construction simulated
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Fig 5.3 (a) Schematic diagram of transmission line with a complete
cycle of transposition
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Fig 5.7 400kV line configuration
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CHAPTER SIX
VALIDATION OF THE NEW PHASE SELECTOR TECHNIQUE
The new phase selection scheme is primarily designed for the 
purpose of discriminating between single phase to earth and all other 
types of fault. Furthermore, the selector must differentiate between 
the three single phase to earth faults and maintain this capability 
under different system and source conditions.
The work presented in this chapter includes computational results
derived from the digital simulation program described in Chapter 5.
The validity of the latter for emulating real system faulted responses
(33 35 39)has been the subject of many publications * ’ , and with recent
trends in computer development, frequency domain techniques (hitherto 
prohibitively time-consuming and expensive) have become the norm in 
many fields of simulation work. Accurate performance evaluation of 
the new phase selection scheme, when applied to practical systems, can 
therefore be gained from primary simulation data generated by the 
aforementioned digital program.
As with all UHS power system protection devices, the performance 
factors of interest include the balance between speed and security of 
operation. It is practically impossible to estimate the selector 
performance encompassing the infinite number of system conditions, 
which may prevail at the precise instant of fault inception. Some 
preliminary investigations were therefore necessary to establish the
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worst case conditions, under which the slowest speed of operation of 
the selector is expected.
6.1 Behaviour of the Phase Selector when applied to Transposed Systems
6.1.1 Effect on fault type
It will be recalled from Chapter 3 that the fundamental require­
ment for correct phase selection is that for single phase to ground 
faults, the relevant faulted phase discriminant signal should remain 
low whilst the other two attain relatively large magnitudes. Further­
more, all other types of fault should not produce a similar discriminant 
signal pattern which would cause the selector to wrongly indicate a 
single phase fault.
To illustrate the various stages of signal processing within the 
phase selector Figs 6.1-6.3 show the signal patterns produced for the
three types of single phase to ground fault respectively. It can be
seen that the behaviour of the discriminant signals is as predicted 
theoretically, and that a trip indication is given for the particular 
discriminant which remains low.
Corresponding results for all other types of fault are illustrated 
in Figs 6.4 and 6.5, whereby neither case results in a similar 
discriminant signal relationship to that obtained for any single phase 
to ground fault.
6.1.2 Effect of fault position
The new scheme is based upon total superimposed components
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impressed upon the system by the occurrence of a fault. The time 
taken for the fault transient components to reach the relaying 
location is inversely proportional to the distance to fault, which 
therefore directly influences the speed of operation of the selection 
equipment.
A series of solid phase to ground faults was simulated at various 
positions along the line section between busbars S and R of the 4-feeder 
configuration described in Chapter 5. For selection equipment based 
at both ends. Fig 6.6 shows the interpolated operating time/fault 
position characteristic for both 0° and 90® fault inception instances. 
Clearly seen is the gradual reduction in selection speed observed at 
either end as the distance to fault increases and over the entire range 
of fault position correct discrimination was maintained. The 
characteristics do not display symmetry about the mid point (150 km) 
which is due to the different effective source/line impedance combina­
tion presented to busbars S and R, this effect being further 
detailed later in this chapter.
6.1.3 Effect of fault inception angle
The point on wave of fault inception controls the initial rate 
of rise and hence magnitude of the modally derived discriminant signals. 
The primary effect of this is to degrade the speed of faulted phase 
selection for some inception angles.
For all values of fault inception angle, the selector must render 
the correct decision, ie. a single phase trip indication for the case
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of single phase to ground faults and a three phase indication for all 
other fault types. The particular case of a double phase to ground 
fault produces a discriminant signal pattern, which for some fault 
point on wave is likely to give a single phase fault indication if 
the selector is to render a very quick decision. Fig 6.7 shows four 
fault conditions including different fault inception instances, whereby 
the latter are seen to directly influence the time delay, t^, before 
the third discriminant signal exceeds the threshold level. Moreover, 
the order in which the individual signals exceed the minimum threshold 
level is also a function of the fault inception angle. To overcome 
this problem, a decision delay, described in Chapter 4, prohibits 
wrong selection being rendered by accounting for the worst possible 
rise delay encountered in practice. Such a delay does not impair the 
overall fault clearing capability of the whole protection scheme under 
any fault conditions requiring the opening of all three phases. This 
is because the phase selector, as part of a complete protection scheme 
employing a directional wave comparison relay, is required to operate 
in a fail safe, three phase, trip mode. In cases where the selector 
is slow to respond, or indeed where no selection is made, fault 
clearance is then still possible, as the tripping responsibility lies 
solely with the main relays.
For single phase to ground faults, however, the delay merely 
adds to the minimum operating times of the selector. Fig 6.8 shows 
the interpolated operating time/fault inception characteristics for 
an ”a"-phase to earth fault on the 4 feeder configuration used. For 
each fault position at 0 and 300 km from end S, a fault point on wave
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around voltage minimum (0°, 180®) results in the slowest speed of
operation at each end, the fastest times being achieved around voltage
maximum (90®). From Fig 6.8 it can be seen that the combination of
distance to fault and hence effective system and source impedances,
together with point on wave variation, produces different characteristics,
but correct UHS selection is retained over the entire range, the response 
for faults in the third and fourth quadrant being a mirror image.
6.1.4 Effect of source capacity
The effects of source short circuit levels upon fault transient 
waveforms are well known. For very large source capacities, the 
voltage waveforms are smooth, since the current components circulating 
within the low source impedance produce insignificant voltage transients 
thereby maintaining an almost constant busbar voltage. By comparison, 
the voltage components generated at high impedance source discontinuities 
are relatively large, particularly so in the healthy (sound) phases.
This phenomena is explained by the fact that the infeed of current from 
the remote end is greater than that of the local source, inducing 
unipolar current and hence voltage components in the other phases. The 
effect of this is cumulative in that current begins to flov: etween the
two ends, resulting in further voltage waveform distortion after 
subsequent reflection at discontinuity points within the system. 
Furthermore, under earth fault conditions, the ratio of zero phase 
sequence to p.p.s. impedance of the source contributes to the distor­
tion of the superimposed components. The underlying principle of 
the phase selector is based upon the sound phase quantities being equal 
under phase to earth fault conditions. As described above, the 
distortion of the sound phase components, which directly influences
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the error content in the selector discriminant signals, is therefore 
controlled by the effective source impedance. Accordingly, the 
minimum threshold level associated with the discriminant signals, 
which is set above all expected error components, is therefore a 
function of the source capacity.
A particular limitation of existing phase selectors operating 
upon voltage or current is the restricted range of source capacity 
coverage. A selector operating upon voltage alone would suffer under 
high source capacity conditions, and in contrast a current operated 
scheme would be limited by low source capacities. The new scheme
utilises composite signals of voltage and current, with reliable
selection being possible in the absence of one of the two components. 
Furhtermore, the introduction of a voltage channel gain K boosts the 
superimposed voltage component, which extends the coverage range even 
further. The proposed selector can therefore be applied to systems 
with a wider range of source short circuit levels, outside the 
capability of conventional selectors, making it extremely versatile 
when compared with the latter.
The operating principle of the phase selector is based upon a 
fixed modal relationship between aerial mode quantities which is 
independent of source parameters. However, the rate of rise of the 
superimposed components is not only a function of the fault point on
wave, but is indirectly influenced by the magnitude and hence rate of
increase of the discriminant signals.
100.
The above facts lead to the conclusion that the speed of operation 
of the selector only varies significantly with source capacity when 
the line section impedance between the local source and point of 
fault is large enough to limit both voltage and current components.
Under boundary conditions where one or both of these components have 
fallen below the required level, the main relay would fail to respond, 
whilst the selector remains operational. From this point of view, 
an evaluation of the selector performance under greatly reduced signal 
conditions was deemed unnecessary.
To demonstrate the effects of a variation in source capacity, a single 
section plain feeder simulation was used, with single generators 
modelled at each end. The receiving end (END R) capacity is fixed at 
1 GVA, whilst the corresponding source at the sending end (END S) takes 
values between 1 and 30 GVA. This range of capacity variation is 
thought to include the absolute maximum level encountered in most long 
line applications. For a fault location of 150km from end S, the 
filtered modal superimposed currents at that end are shown in Fig 6.9.
It is seen that as the capacity is increased and therefore as the 
source impedance decreases, the magnitude of the current rises. A 
complementary effect is noticed in the voltage components, whereby the 
magnitude of voltage rises as the source capacity is decreased, as 
shown in Fig 6.10. At this point it must be noted that the variation 
of voltage and current with respect to a change in source capacity is 
exponential in nature. That is, beyond a certain capacity, further 
changes in the latter do not have such a pronounced effect upon the 
voltage and current, since the line impedance to fault becomes the
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limiting factor. The discriminant signals are formed from composite 
signals of the aforementioned voltage and current components and 
the compensating effect of having large current for high source 
capacities and high voltage levels for low source capacities then 
produces discriminant signals of fairly constant magnitude, clearly 
seen in Fig 6.11. However, the variation of source capacity has a 
negligible effect upon the rate of rise of the discriminant signals 
and hence the time at which they exceed the threshold level. For 
this particular system test, the operating time of the selector does 
not significantly change over the entire source capacity range, even 
for the worst case of fault inception angle around voltage zero.
The results obtained lead to the conclusion that the UHS perfor­
mance of the new phase selector, when applied to systems with 
constantly varying source conditions, remains unaffected.
6.2 Comparison of the Phase Selector Equipment when applied to
Transposed and Non-transposed Systems
The results presented in the above section are those obtained 
from discretely transposed models of practical systems. The trans­
position of phases reduces the electrostatic and electromagnetic 
unbalances, since overall each conductor shares an equal position with 
respect to a horizontal reference. Furthermore, the transposition 
compensates for conductor bundling, which is known to cause an 
increase in zero and negative sequence unbalance. Moreover, trans­
position is found to considerably improve arc extinction times for 
long lines employing single pole autoreclosure as detailed in ref (40)
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From an economic point of view, the transposition of phases 
on EHV systems at locations distant from the points of generation 
has proven costly. Consequently, the trend has been towards trans­
position of conductors at the power station busbars, and in some 
applications, the transposition is completely omitted.
For non-transposed short line applications the unbalance effects 
are negligible, but for longer line lengths the unequal mutual 
impedances between phase become a significant factor. The plain 
feeder system model described in Chapter 5 was therefore utilised 
to establish any derogatory effects that non-transposition has upon 
the phase selector performance. The line length is taken as 300km 
and direct comparisons are made between the three cases of ideal, 
discrete and non-transposition, for the shunt compensated system 
considered.
The total phase current variations under "a" to earth fault 
conditions are shown in Fig 6.12. The discretely transposed system 
produces healthy phase currents which are largely similar. Fig 6.12(a), 
whereas with non-transposition. Fig 6.12(b), the differences in 
induced currents in the sound phases are more pronounced.
Fig 6.13 shows the discriminant signal waveforms derived from 
the system in which ideal, discrete and non-transposition is considered 
in turn. As expected, the discriminant signal associated with the 
faulted phase remains approximately zero throughout the observation 
period, for the ideally transposed case. Fig 6.13(a). A comparison
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of Fig 6.13(b) and 6.13(c) reveals that discrete transposition reduces 
the spill output content in the discriminant signals which is caused 
by system unbalance. This unwanted component is clearly seen in the 
faulted phase discriminant signal and is considered as a noise factor 
when setting the minimum threshold levels of the phase selector.
Discrete transposition using three line sections equalises the 
magnitude of the noise signal produced by a fault involving either 
phase in either section. However, for the non-transposed system, 
due to the horizontal line construction, a fault involving the "c"- 
phase and earth results in spill output magnitude comparable to the 
ideal case. This effect is clearly seen in Fig 6.14 and is explained 
by the fact that with respect to the "c"-phase, the healthy phases 
are equidistant and therefore display similar mutual coupling.
The variation of the discriminant signals during the initial 
fault period for each transposition case considered is almost identical
The phase selector designed for use with the discretely 
transposed system can therefore be equally applied to an untransposed 
system without loss of UHS phase discrimination. However, the noise 
content in the discriminant signals is greater for non-transposed 
systems. Furthermore, the noise amplitude is dependent upon the 
line lengths and source short circuit levels involved. Hence, when 
applying the phase selector to non-transposed systems and higher 
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Fig 6.3 Signal variations at various stages within the phase selection
process during "c"-earth fault condition
- Fault conditions as stated in Fig 6.1.
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Fig 6.6 Phase selector operating time, time/fault position 
characteristic for single phase to ground fault
- 4 section-feeder; shunt compensated; discretely 
transposed ;
- Fault type, "b"-e
(a) Fault inception at zero prefault "b"-earth 
phase voltage


























Fig 6.7 Behaviour of phase to earth discriminant signal for 
different fault inception instances during double 
phase to earth faults
4 section feeder; shunt compensated; discretely transposed 
Fault type "a"-'*b"-e; = 300km
Fault inception instances on prefault voltage between 

















Fig 6.8 Phase selector operating time-fault inception
angle characteristic for single phase to ground
faults
- 4-section feeder; shunt compensated; 
discretely transposed;
Fault type "a"-e fault
(a) Distance to fault, = 0.0 km
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Fig 6.9 Filtered modal superimposed currents
1 section feeder; shunt compensated; discretely transposed 
line length, L = 300km; = 150km; ZS0/ZS1 = 1
- fault type "a"-e
fault inception at 150° of prefault "a*'~earth phase voltage
- Receiving end source capacity fixed at 1GVA 


































Fig 6.10 Filtered modal superimposed voltages
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Fig 6.11 Variation of discriminant signals derived from superimposed
components of Figs 6.9-6.10



























Fig 6.12 Initial phase current variations under "a"-to
earth fault conditions
- 1 section feeder; line length L = 300km;
X„ = 25km shunt compensated; source capacities at r
both ends, 5GVA; ZS0/ZS1 = 1.
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OPERATION OF THE PHASE SELECTOR UNDER ABNORMAL OPERATING
CONDITIONS
7.1 Performance for Very High Resistance Earth Faults involving SPA 
Many power transmission networks are routed over geographical 
locations which encourage high resistance faults, particularly through 
vegetation. The conventional impedance type selectors discussed in 
Chapter 2 are limited by the range of impedance that can be measured 
and hence by the effective fault path resistance. The magnitude of 
fault induced superimposed components is still somewhat limited by the 
fault resistance in that components detected at relay locations are 
greatly reduced. There must therefore be a definable limit on the 
size of fault resistance that produces detectable superimposed 
components for relaying purposes.
The main directional wave detector relies for its operation upon
the superimposed voltage and current components, each of which must be
(23)above a minimum value for reliable operation . This is summarised 
in the simplistic sensitivity diagram of Fig 7.1.
The phase selector here proposed has a subtle advantage over the 
main relay, in that its operation is guaranteed even with the absence 
of either voltage or current. In other words, a minimum level of 
either the voltage or the current is sufficient to ensure reliable 
phase selection. With respect to the sensitivity diagram of Fig 7.1,
105.
the only restricted area of operation for the selector is that below
V . and I . , namely area A. In terms of fault resistance coverage min min* ^
capability, the phase selector is not only superior to impedance based 
equipment, but even surpasses the remarkable performance of the main 
directional wave detector.
7.1.1 Case for phase to earth fault
To establish the performance of the phase selector under very 
high resistance faults, the specific model of a four section shunt 
compensated system described in Chapter 5 is used. The faults simulated 
are internal to the protection equipment and involve resistances up 
to 600fi. This is the maximum fault resistance considered, since it 
was thought to be well above the capability of the main relay.
The variation of the selector discriminant signals as the fault 
resistance is increased,is shown in Fig 7.2. As expected, the signal 
magnitudes are greatly reduced due to the very high fault loop 
impedance. However, as shown in Fig 7.3, UHS operation is maintained 
over the range of 0 to 6000 by the selection equipment at either end. 
Furthermore, the results achieved are for zero point on wave fault 
inception angles, which are found to cause the slowest operating times 
for the particular system studied. The discrepancies between operating 
times at each end are explained by the fact that different effective 
short circuit level and hence impedances are presented to each 
relaying point.
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For faults applied near busbar S (Fig 7.3(a)), the local 
selector operates quicker than that of the remote end (R), but as 
shown in Fig 7.3(b), the situation is reversed for faults near (R). 
These results show clearly that despite minor variations in operating 
times, the range of fault resistance coverage is not restricted by 
the change in fault position nor the change in equivalent source 
impedance.
For the cases of earth faults involving the "b" and "c" phases 
respectively, similar operating characteristics are obtained.
7.1.2 Case for double phase clear of ground faults
By comparison with the results obtained in the above tests, the 
double phase clear of ground faults yield faster operating times 
over the entire fault resistance range. This is anticipated, since 
larger modal components are generated by the line voltages involved. 
Fig 7.4 shows the selector performance at end S and R, with a similar 
fault resistance/operating time characteristic as for the phase to 
ground case.
7.1.3 Case for double phase faults involving ground
The selector incorporates some delayed decision logic circuitry 
to cater for double phase to ground point on wave variation, as 
described in both Chapters 4 and 6. For such types of fault, one 
particular discriminant signal can remain below the threshold level 
for some time and subsequently exceed it. The delay in signal 
increase is very much dependent upon the fault inception angle and
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upon the amount of fault path resistance. For very high resistance 
faults (greater than 3000), this signal can remain low for a period 
long enough for the selector to initially give an incorrect selection. 
However, given the appropriate delay mentioned above, correct re­
selection is made to trip all three phases as required by this scheme.
Fig 7.5 shows the delays in signal rise for resistances of zero 
and 300^. It can be seen that after a certain amount of time, all of 
the discriminant signals exceed the threshold and a correct decision 
is possible. Hence, by introducing extra delay in the decision logic 
circuitry, it is possible for coverage of high resistance double phase 
to earth faults to be extended beyond 3000. However, a fixed delay 
of this type will impair the earth fault performance of the selector 
and for this particular system, coverage of 3000 fault resistance 
for double phase to earth faults was considered more than adequate.
Studies have revealed that for any two ended system employing 
communication links, with channel delays greater than 5ms, the 
selector will override its initial decision and security of operation 
is maintained. The only possible flaw of this scheme, for double 
phase, very high resistance earth faults, is therefore when it is 
implemented with UHS communication equipment (fibre optics).
Fig 7.6 shows the operating characteristics of the selector at each 
end whereby correct phase selection is made for faults up to 6000 at 
the corresponding times.
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7.2 Behaviour of the Phase Selector for Evolving Faults
7.2.1 Definition and requirements for evolving faults
An evolving fault can be defined as a changing fault condition 
which takes place before any circuit breaker reclosing is initiated, 
and three phase tripping with lockout is required whatever the fault 
evolves into. Any new fault condition is regarded as a completely 
separate fault condition if it occurs after a successful reclosure 
operation. During the dead time of a single phase auto-reclosure 
cycle, if the fault evolves, ie. another phase is faulted, the 
remaining two poles must be tripped and all poles locked out.
7.2.2 Case of single phase to earth evolving faults
Statistics show that evolving faults originate as fault between 
one phase and earth, possibly developing into faults involving one or 
both of the other phases. If single phase to earth faults can be 
dealt with quickly, then the development of more extensive faults 
can be prevented and the damage and disturbances to the system limited.
Under evolving fault conditions, the relaying point quantities 
will obviously undergo changes which are constantly monitored by the 
individual dynamic threshold levels of each discriminant signal.
For the case of a single phase to earth fault, the relevant discrimi­
nant signal indicating the faulted phase remains below the threshold 
for the whole recovery period of the selector. When an evolving 
fault condition arises, the discriminant signal which indicated the 
initial faulted phase then exceeds the threshold level and re-selection 
is made to trip all three phases.
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The majority of evolving faults occur from a single phase to 
earth fault condition and before any pole is opened. To study the 
behaviour of the selector under such conditions, the case of an "a" 
phase to ground followed by a "c" phase to ground fault is considered. 
The general system model described in Chapter 5 has the versatility 
of being able to simulate faults at any instant of time, on either 
line section PQ or QR. For the purpose of simulating an evolving 
fault condition, particularly with regard to relaying equipment at 
end P, the line section OR is reduced to a very small length of 0.5km. 
Looking from P towards Q, an "a"-phase to earth fault on section PQ 
very close to Q, followed by a "c"-phase to earth fault just beyond 
Q on section QR, adequately simulates the evolved fault condition 
required (see Fig 7.7).
The decision logic circuitry permits a minimum selector 
operating time of 2ms. For an evolving fault condition, with less 
than 2ms between faults, it is therefore possible that the selector 
may give a three phase tripping output for the whole observation 
period. Fig 7.8 shows the results achieved for a fault time 
difference of 1.8ms. Each discriminant signal is seen to increase 
almost simultaneously after the first fault inception and the selector 
accordingly indicates a three phase trip condition. As the fault 
time stagger is increased to 5ms, it is seen from Fig 7.9 how the 
selector at first indicates that the "a"-phase is faulted by giving 
low trip outputs for the "b" and "c" phases. Upon the inception of 
the "c" phase fault, re-selection to a three phase trip condition is 
made. To verify that even a greater time stagger between faults does
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not cause selector mal-operation, Fig 7.10 shows the results
achieved for a 25ms fault time difference. Fig 7.10(a) and 7.10(b)
display the actual discriminant signals D , and the associateda,b,c
dynamic threshold levels respectively. The threshold level which 
responds to the variation in the discriminant D^, is seen to remain 
low until a short time after the instant of second fault inception.
As explained in Chapter 4, this delayed action in the initial fault 
period allows the selector maximum sensitivity for the detection of 
the evolved "c" phase to earth fault. Therefore, as soon as the 
second fault occurs, the discriminant exceeds its minimum 
threshold level and as shown in Figs 7.10(c) and 7.10(d), re-selection 
is made as in the previous case.
The selector has been proven to operate correctly for evolving 
fault conditions. In some situations, however, single pole opening 
for the initial faulted phase is effected before the second fault 
occurs.
At present, the simulation is limited to the modelling of a 
single fault condition with associated single pole opening, without 
any further system disturbances. Therefore, exact evaluation of 
the performance when subjected to evolving fault conditions described 
above is not currently possible.
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7.3 Phase Selection for Different Types of Fault with Star/Delta
Transformer Source Connection
Particular abnormal fault conditions of interest are those which 
do not give rise to aerial mode current components and which occur 
for certain system and fault conditions. It is necessary to establish 
if the phase selector proposed will operate under such conditions 
since its basic principle of operation involves the use of aerial 
mode components alone.
Fig 7.11 shows a system fed by a lumped source with its remote 
end connected to an open circuit star/delta transformer. During 
fault conditions on the line, the situation described above gives 
rise to only earth mode current at the load end. This situation is 
described as a 1,1,1 case whereby the superimposed phase currents 
produced at the load end are equal in magnitude and co-phasal.
Hence the selector at this end will only receive zero sequence 
current components, equally distributed on the three phases.
For the case of an "a" to earth fault on the line, the modal 
interconnection diagram of Fig 7.12 permits a better understanding 
of the behaviour of modal components during the faulted period.
The absence of mode-2 and mode-3 current is simulated by the open 
switches at the load side, but, as seen from Fig 7.12, this does 
not prevent the generation of aerial mode voltage components at that 
end.
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In practice, several transformer banks may be connected to the 
load end busbars at any time. A consideration of the effective 
short circuit level (s.c.l.) of each bank will yield values of zero 
sequence source impedance (ZSO) necessary for the simulation program. 
The range of s.c.l. taken for this particular system varies between 
1GVA and 5GVA.
Figs 7.13 show the load end relaying point quantities for the
case of a "b"-phase to earth fault at near zero prefault "b"-phase
voltage. Clearly seen is the similarity in the three line currents
giving rise to no aerial mode current components (Fig 7.13(b)).
The variation of both mode-2 and mode-3 voltage is shown in Fig
7.13(c), which causes the discriminant signals to behave in the manner
indicated by Fig 7.13(d). Correct selection of the faulted "b"-phase
is made since the discriminant signal D, remains low whilst D and Db a c
exceed their corresponding threshold levels. The above results 
apply to an effective load side s.c.l. of 5GVA and Fig 7.14 displays 
the corresponding results for a "c"-phase to ground fault involving 
a reduced load capacity of 1GVA. The signal behaviour is seen to be 
very similar to the previous case and permits correct selection of 
the faulted phase to be made as before.
The two cases studied above, further illustrate the versatility 
of a selector based upon composite signals of aerial mode voltage and 
current. It is therefore envisaged that a phase selector of the type 
proposed here can offer high standards of performance for a wide 
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Fig 7.2 Behaviour of phase selector discriminant signals during 
"c" to e fault conditions involving different values of 
fault path resistance
4 section feeder; shunt compensated; discretely transposed
- Xp = 300km
Fault inception angle at zero prefault of "c"-earth 
phase voltage



























Fig 7.3 Phase selector operating time/fault resistance
characteristic for single phase to ground faults
Similar fault conditions as in Fig 7.2
(a) Distance to fault, X = 0km
r
(b) Distance to fault, X = 300kmr
sending end 
receiving end















Phase selector operating time vs fault resistance 
characteristic curve for interphase faults
- 4 section feeder; shunt compensated; discretely
transposed
- Fault type considered "a"-"b"
- Fault inception angle at zero prefault of voltage 
between phase "a" and "b"
(a) Fault distance, = 0km
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Fig 7.5 Phase to earth discriminant signal variations during double phase 
to earth fault conditions for different values of resistance in
the fault path
4 section feeder; shunt compensated; discretely transposed 
Fault considered "a''-"b" to earth
Fault inception angle at zero prefault of voltage between 
phases "a" and "b"
Fault resistance varation
(a) 4 = 5QÜ
(b) ^F = 1000
(c) = 2000
(d) 4 = 3000
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Fig 7.6 Phase selector operating time-fault resistance 
characteristics for selection equipment at each 
end, under double phase to ground fault conditions
Similar fault conditions as in Fig 7.5
(a) Distance to fault, = 0km
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Fig 7.8 Signal responses at various stages in the phase selection process
for an evolving fault condition
- Configuration considered, see Fig 7.7
- Fault type "a"-e followed by "c"-e 
Time between faults and > 1.8ms
(a) Discriminant signal behaviour (D^, , D^)
(b) Dynamic threshold level response (L^, L^, L^)
(c),(d),(e) Event counters (EC^, EC^, EC^)
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Fig 7.9 Signal responses at various stages in the phase selection process
for an evolving fault condition
Similar fault conditions as in Fig 7.8
Time between faults, and 5ms
(a) Discriminant signal behaviour (D^, , D^)
(b) Dynamic threshold level response (L^, L^, L^)
(c),(d),(e) Event counters (EC^, EC^, EC^)

































.00 .10 .20 .30 .40 .^0 .60 











.00 .10 .20 .30 .40 .50 .60
X10-' .time,
(h)
Fig 7.10 Signal responses at various stages in the phase selection
process for evolving fault condition
- Similar fault conditions as in Fig 7.8
- Time between faults and » 25ms
(a) Discriminant signal behaviour (D^,D^,D^)
(b) Dynamic threshold level response (L^, L^, L^)
(c),(d),(e) Event counters (EC^, EC^, EC^)
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Fig 7.12 Modal network interconnection for an ”a"-e 
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Fig 7.13 Variation of phase and modal signals at different stages of
filtering within the phase selector
- Single section feeder; shunt compensated; discretely 
transposed
- fault type "b"-e
- fault inception angle at zero of prefault of "b"-e phase 
voltage
- S.E. s.c.l. = 5GVA; R.E. s.c.l. = 5GVA
- Rp = O.Sfi; Xp, = 10km; line length, L = 300km
- ZSO/ZSI (S.E.) = 0.0; ZSO/ZSI (R.E.) = 1.0
(a) Initial variation of line currents
(b) Digitally filtered aerial mode currents
(c) Digitally filtered aerial mode voltages
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Fig 7.14 Variation of phase and modal signals at different stages of
filtering process within the phase selector
Fault type "c"-e
Fault at zero of prefault "c"-earth phase voltage
S.E. s.c.l. = 1GVA; R.E. s.c.l. = 1GVA
Other fault conditions are stated in Fig 7.13.
(a) Initial variation of line currents
(b) Digitally filtered aerial mode currents
(c) Digitally filtered aerial mode voltages
(d) Filtered discriminant signals
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CHAPTER EIGHT
PERFORMANCE OF THE PHASE SELECTOR SCHEME DURING SINGLE 
POLE AUTORECLOSURE SEQUENCES
8.1 Communication Channel Considered
The overall relaying time of any unit protection scheme is 
dependent upon the communication channel response time and the opera­
time time of the fault detection relays and associated phase 
selection equipment. In addition, the mode of operation in which 
the scheme is employed, ie. intertripping, blocking or hybrid mode, 
directly affects the minimum time at which fault clearance cycles 
can be initiated at each end(^3).
There are two main methods employed to indicate a change in a 
locally generated tripping signal over a communication link, which 
are :
(a) ON-OFF keying
(b) Frequency shift keying
(a) ON-OFF keying (OOK)
As the name implies, the channel is normally operating in an 
off state and signals are only transmitted when the channel is 
switched on by a change in the decision of the local relaying 
equipment.
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(b) Frequency shift keying (FSK)
A frequency shift channel normally carries a continuous 'TRIP' 
frequency signal until the relaying equipment indicates a block 
decision. At this instant, the frequency is shifted to a continuous 
'BLOCK' signal. The condition of this type of communication channel 
can be monitored at all times, since a signal is always being 
transmitted.
With OOK, a malfunction can therefore only be detected when the 
channel is required to operate. In practice, OOK channels are employed 
mainly in blocking schemes, whereas the FSK channels are more 
commonly associated with tripping and hybrid schemes.
It was envisaged that a unit protection scheme comprising of 
directional relays and phase selectors would involve power line 
carrier techniques as a means of linking the two ends. Hence, the 
advantages and disadvantages of each type of communication signalling 
in conjunction with blocking, tripping and hybrid schemes in turn, 
are discussed below.
8.1.1 Blocking scheme
At any particular end in a two-ended blocking scheme, a local 
trip signal will initiate local tripping if no blocking signal is 
received from the other end. A delayed tripping action is used for 
co-ordinating the two ends, allowing for communication channel delay 
and differences in fault detection times of the two relays. In the 
absence of a blocking signal, which is possible when the communication
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channel is inoperative, local tripping will then be initiated after 
the fixed co-ordination delay. Therefore, the loss of the communica­
tion channel would not affect tripping for internal faults, but would 
possibly result in overtripping for external faults, since at least 
one relay may indicate that a forward disturbance has occurred. A 
blocking scheme employing OOK signalling is therefore considered to 
be more dependable than secure. However, if FSK is used, all 
tripping is prohibited when the channel is lost, thereby reducing 
the dependability of the scheme but adding to the security.
8.1.2 Tripping scheme
A tripping scheme, commonly called an intertrip or permissive 
overreach scheme, relies for its operation upon trip signals being 
generated from each end. A co-ordination delay is included for 
reasons mentioned above and if no trip signal is received from the 
remote end after the local end has indicated a trip, then no action 
is taken. Hence, in comparison with the blocking scheme, which 
would still permit tripping for internal faults should the communica­
tion link fail, the tripping scheme would prevent such action being 
taken.
Tripping schemes including FSK signalling are therefore considered 
very secure in that overtripping (tripping for external faults) cannot 
take place during channel failure. For the very same reason, tripping 




The hybrid scheme comprises of blocking and tripping functions 
and improves the overall operating performance for true tripping 
systems applied to systems with dissimilar infeed conditions at each 
end. The communication channel, normally operating in a blocking 
state, is keyed to a tripping state whenever the relay at one end 
reaches a trip decision. When both ends indicate a trip, the overall 
tripping times are the same as for a true tripping scheme. In cases 
where one end is slow to operate or does not operate at all, that is 
when no blocking signal is generated, any trip signal received from 
the remote end will be repeated or reflected back to the remote end. 
The effect of this is to cause faster tripping at the ends which 
would normally be slowest in a true tripping scheme.
A review of the above advantages of each scheme has led to the 
choice of a blocking scheme, employing OOK signalling for the complete 
unit protection scheme, including the directional relay and phase 
selector. This would ensure that dependable operation is maintained 
for the protected zone during communication channel failure. Had 
security been the primary requirement, FSK signalling would be a more 
attractive proposition, since the detection of channel loss could 
override all trip action.
Furthermore, an intertripping scheme offers greater security 
than a blocking scheme but when using PLC techniques, transmission 
of trip signals through faulted sections cannot be guaranteed. The 
CEGB requirements for the transmission of trip signals are more
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restrictive than those of block signals and are subject to very 
stringent criteria. Therefore the overall time taken to render a 
trip decision is inherently longer and can be critical when using 
UHS protection equipment.
Having decided upon the type of communication link and associated 
blocking mode, a knowledge of the relevant channel delays then 
permits an evaluation of the performance of the overall protection 
scheme.
8.2 Interfacing of Phase Selector and Main Directional Comparison 
Scheme with Appropriate Logic for Blocking Mode Operation 
The action of combining the phase selector and the main relay 
decisions has been mentioned in Chapter 4. This overall decision 
is further combined with remote end signals to form the complete 
protection scheme, one end of which is shown in Fig 8.1.
The communication equipment comprises of a transmitter and 
receiver which allows a locally generated block signal (reverse 
direction) to be sent to the remote end. As seen in Fig 8.1, any 
block signal received will prevent local tripping since this would 
force a logic zero on the input terminal "D" on the latch circuit.
The delay Tc is dependent upon the communication channel delay Tch 
and the relay coordination delay Td. For PLC the minimum channel 
delay is typically 6ms and the coordination delay is very much a 
function of the line length, typically between 1ms and 2ms for long 
line applications. The latch reset is controlled by the main
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relay scheme logic and the period after which a decision is reset is 
dependent upon the system application. The results presented in 
this chapter, however, are concerned only with the resetting of 
the phase selector decisions and not the overall protection scheme.
The simple interface circuit of Fig 8.1, which coordinates the 
decisions from the local and remote relays and the phase selector, 
can form an integral part of the main scheme logic mentioned above.
An assessment of the overall performance of the scheme can be 
gained from the detailed diagram of Figs 8.2 and 8.3, which show 
the signal output states at the various stages within the equipment 
of Fig 8.1. Two cases of "a"-earth faults are considered, one 
inside the protected zone and the other at a position just beyond 
the remote end relaying equipment. As illustrated in Fig 8.2, the 
in zone "a"-earth fault causes the local dwd to indicate a forward 
disturbance. After Tc from the forward signal going high, the latch 
is enabled and the input on terminal "D" is referred to the output Q. 
The absence of a block signal from the remote end therefore results 
in Q being high since the AND combination of signal "A" and "C" is 
also high at this instant in time. Signal Q then forms the 
intermediate trip T, which when ANDed with the phase selector 
outputs results in the overall decision T^^, to open the "a" phase 
pole.
As seen in Fig 8.3 the out of zone disturbance, which is in the 
forward direction with respect to the relaying end considered.
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causes the phase selector decision to be overridden, since a block 
signal is received from the remote end.
In the latter case, where phase selection is made after the 
local forward decision, the channel delay then directly influences 
the action taken by the overall scheme. Should the channel delay 
be less than the difference between the relay and phase selector 
operating times, then the latched intermediate trip would render the 
phase selector ineffective. This is because of the fail safe or 
trip all three mode of the phase selector which under such circum­
stances would unnecessarily open all three poles for the single 
phase fault. An exhaustive series of tests have revealed that the 
decision time stagger is no more than 1ms for the worst case fault 
conditions. Recent advances in communication technology have produced 
optical fibre links capable of achieving channel delays of about 2ms, 
which therefore suggests that the above scheme is not only compatible 
with conventional links, but with the current state of the art.
8.3 Performance of Phase Selector Scheme during Autoreclosure
Sequences
It is important to ensure that integrity of operation of the 
protective DWD and the associated phase selector equipment is 
maintained at all times. Thus, an evaluation of the protection 
responses following the initiation of the various autoreclosure 
sequences encountered in practice was necessary. For this purpose, 
a computer program developed to simulate full autoreclosure 
sequences, based upon the theoretical analysis discussed in ref 44
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was employed. Results are presented for both single-pole and three 
pole autoreclosure sequences.
The number of possible autoreclosure sequences is vast and in 
practice the choice of dead times is often decided on the basis of 
transient stability considerations. For a high speed autoreclosure 
scheme, whether it be of the three or single-pole type, dead times 
in the range of 0.5 - 1 sec are encountered. However, there is a 
practical limit on computational observation time, which therefore 
restricted the actual dead time periods which could be simulated. 
Other approximations relevant to actual SPA equipment and conditions 
include :
(i) Linear fault path resistance of O.Sfi.
(ii) One cycle, or three cycle circuit breakers.
(iii) Current interruption at a precise zero-crossing following 
breaker contact separation, with no simulation of pre­
arcing.
(iv) Reclosure occurring at a preset time from fault inception, 
which therefore does not produce optimum pole reclosure 
from a viewpoint of minimising switching surge overvoltages.
The performance of a complete autoreclosure scheme is dependent
upon the main directional relays and the phase selector equipment.
As stated previously, the two independent decisions are combined to
give an overall trip decision. The response of the main relay
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under full autoreclosure schemes had therefore to be investigated, 
in order to determine the action which would be taken by the complete 
scheme.
Fig 8.4 presents the main relay responses for a complete 
autoreclosure cycle following an in zone "b" phase to ground 
fault. The changes in system conditions at the time instances t1 
to t5 clearly affect the variation of the mode-3 relaying signals,
SI and 82. The autoreclosure cycle is broken down into the following 
individual events:
(1) Fault inception time, t1.
(2) Breaker interrupting time, t2 at S.E. and R.E. simultaneously
(3) Fault break off time, t3.
(4) Breaker reclosure time (S.E.), t4.
(5) Breaker reclosure time (R.E.), t5.
The relaying equipment was situated on the line side of the 
breakers and as seen in Figs 8.4b and d, which display the counter 
action of the relays at each end, the correct forward and reverse 
decisions are reached for each subsequent disturbance.
Upon fault inception, each relay indicates a forward disturbance, 
with the counter steadily increasing until being reset after 16ms.
The most common type of high speed circuit breakers employed in 
practical autoreclosure schemes can perform single or three pole
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opening within 3 cycles. Similar breaker opening capability was 
considered for this particular test and approximately 60ms after 
fault inception, the opening of the "b" phase pole at each end, 
behind the relays, is seen to cause the latter to indicate a reverse 
disturbance. At the instant of fault break off, t3, there was 
insufficient change in line current at each end for the relays to 
render any decision, since the "b" phase was still isolated. The 
cycle was completed at time, t5, by the re-energisation of the "b" 
phase, which was again a system disturbance behind the relays. The 
direction of the relay count verified that the disturbances were 
exterior to the protected zone, but due to the lightly load conditions 
prevalent at the reclosure instant, a decisive count of 5 was not 
reached and no further action was taken by the relays.
The corresponding responses of the phase selection equipment at 
the sending end are shown in Fig 8.5. The discriminant signal and 
dynamic threshold variations, show that one variable remains rela­
tively low throughout the observation period, this being the discri­
minant and the associated threshold level .
To illustrate the capability of the phase selector to detect 
successive disturbances, two resetting techniques were adopted.
The three trip outputs from the decision logic, utilising a dynamic 
reset method, are shown in Figs 8.5(c), 8.5(d) and 8.5(e). This 
technique was outlined in Chapter 4 whereby the phase selector 
decision is held until each dynamic threshold has returned to its 
minimum level. For this case, the decision to open the "b" phase.
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made after 2.5ms following fault inception, is held for the duration 
of the autoreclosure cycle. The threshold levels did not settle 
down at any time due to the close succession of events which 
therefore prevented any phase selector resetting. However, when 
considering resetting after a preset time following an initial 
decision (approx 64ms), Figs 8.5(f), 8.5(g) and 8.5(h) clearly 
demonstrate the ability of the phase selector to detect all subsequent 
disturbances on the "b" phase. The repeated selection of the "b" 
phase was possible despite the reduction in sensitivity due to 
relatively high threshold levels. It is envisaged, therefore, that 
the latter reset would be more suited for single pole reclosure 
schemes since it would still be possible for the selector to detect 
changes in system fault conditions during the dead time period and 
take appropriate action.
The forward and blocking decisions of the main relays at the 
sending and receiving ends respectively can then be combined with 
the phase selector outputs, in the manner described in the previous 
section. For the two selector reset schemes considered, the overall 
protection equipment would then correctly initiate tripping and 
reclosing of the "b" phase only.
The case of an interphase fault involving the "a" and "b" 
phases was chosen to illustrate the relay and selector performance 
during a 3 phase autoreclosure sequence. Fig 8.6 shows the counter 
action of the main relays situated at the ends of the protected zone 
and clearly indicates an internal disturbance. When the latter
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decisions are combined with the receiving end phase selector 
outputs (Fig 8.7) as explained above, a correct overall decision 
to activate the three pole reclosure mechanism is rendered.
It has therefore been demonstrated that the new selector 
scheme is suitably versatile for it to form an integral part of a 



























































Fig 8.2 Response of the protection scheme of Fig 8.1 to an 











Fig 8.3 Response of the protection scheme of Fig 8.1 to 
an out-of-zone disturbance on the "a” phase 
(forward local beyond other end)
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Fig 8.4 Directional wave detector response during single pole
autoreclosure sequences
Single-section feeder; = 10km; line length = 300km; R^ = 0.5fi 
Line discretely transposed and shunt compensated
- Type of fault "b"-earth fault at peak of prefault "b" phase voltage 
Sending end S.C.1 = 5GVA; receiving end S.C.2 = 5GVA
- Vs/Vr = 1_/0; ZS0/ZS1 = 1.0
t1 = 5ms; t2 = 60ms after fault; t3 = 140ms after fault;
t4 = 180ms after fault; t5 = 190ms after fault;
TFD = forward decision time; TRD = reverse decision time
(a), (b) = Mode-3 signals (SI & S2) at the sending end S and its 
corresponding counters decision
(c), (d) = Mode-3 signals and counters for receiving end R
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Fig 8.5 Performance of phase selector equipments at sending end S 
during single pole autoreclosure
Fault conditions as stated in Fig 8.A
(a) Discriminant signal variations
(b) Dynamic threshold level responses (minimum threshold = 
A5 levels)
(c),(d),(e) Output from phase selector decision logic 
(T^, T^, T^) using dynamic reset techniqu
(f),(g),(h) Output from phase selector decision logic
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Fig 8.6 Directional wave detector response during three pole
autoreclosure sequences
- Type of fault "a"-"b" fault clear of ground
- Instant of fault at peak of prefault voltage between 
phases "a" and "b"
- Other fault conditions are as stated in Fig 8.4
(a) Mode-3 signals (SI & S2) at the sending end
(b) Mode-2 and Mode-3 counters at the sending end
(c) Mode-3 signals (SI & S2) at the receiving end
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Fig 8.7 Performance of phase selector equipment at the receiving end R
during three pole autoreclosure sequence
- Fault conditions are as stated in Fig 8.6
(a) Discriminant signal variations
(b) Behaviour of dynamic threshold levels (minimum 
threshold = 45 levels)
(c), (d), (e) Output from phase selector tripping logic
(T , T, , T ) for either method of resetti a D c
NB: Same tripping output for both dynamic and fixed rest
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CHAPTER NINE
RESULTS OF PRELIMINARY FIELD TESTS
9.1 Background to Field Test Arrangement
This chapter describes the response of the phase selector when
supplied with actual system data collected at Cellarhead substation
in the CEGB Midlands region. The monitoring equipment was connected
to a AGOkV transmission line of 87km length, routed across the
Pennine hills to Stocksbridge, which includes a short section of cable
(approximately 1.5km). A detailed system schematic of the area in
which the line is situated is given in Fig 9.1. The inclusion of
a cable section within a length of transmission line increases the
high frequency content of faulted system waveforms, due to the extra
points of impedance discontinuity. The service history of the CEGB
transmission network shows that this line has the highest incidence
of recorded faults and from a prototype test point of view was
therefore considered ideal. However, it should be noted that the
performance must be assessed in the presence of components produced
by everyday occurrences such as load current variations, remote
switching operations and all other sources of disturbance.
Initially, the field tests were arranged to estimate actual system
(45)noise levels for the main directional relay , but the readily 
available data provided a good opportunity to assess the basic 
performance of the phase selector.
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9.2 Instrumentation and Data Acquisition Equipment
The equipment was contained in 1 of the 4 block-houses within 
the 400kV compound, and comprised the superimposed component relay, 
a VDU terminal, a Penny & Giles cartridge tape recorder (3.6 Mbytes 
storage capacity), a 3-channel slow speed chart recorder and a 
high speed UV recorder. The slow speed recorder running a 1"/hour 
monitored the relay forward and reverse signal outputs. The Penny & 
Giles recorder was used for monitoring system disturbances as they 
occurred and a self-triggering mechanism was incorporated in the 
main relay software which initialised a recording sequence as soon 
as any mode output counter reached a level of one. Any system noise 
resulting in no counter action was therefore deemed insignificant 
and was not recorded.
The relay memory was capable of storing a running window of 
150ms of data, which comprised of approximately 50ms pre-triggered 
and 100ms post-triggered information for both modes. Once the 100ms 
had elapsed, the window of information was transferred to the 
cartridge recorder via a serial line. During the transfer period, 
which was 50 seconds, the relay no longer stored information but 
was reactivated when the transfer was complete.
At regular intervals, the tape cartridges were collected from 
site and converted to an easily manageable form by a PDF 11/23 
mainframe computer at Bath University. The total superimposed 
filtered modal voltage and current signals were then processed with 
the phase selector to evaluate the performance of the latter with
127.
actual system information. This technique yields exactly the same 
results as those which would be obtained from phase selection 
equipment actually installed at the site, since the selection 
algorithm is entirely in software form.
9.3 Field Test Results
Initially, the prototype relay and the associated monitoring 
equipment was powered from the substation mains supply. However, 
this proved unsatisfactory when the data obtained for an in-zone 
fault condition was analysed. The breakers which were opened to 
clear the fault were of the air blast type, and therefore incorporated 
quick starting air compressors. The latter caused large fluctuations 
in the supply which led to the corruption of the relevant window 
of in zone fault information recorded. Since then, independent 
battery supplies have been installed, but at the time of writing the 
only system data available is that for out of zone disturbances.
The phase selector, however, is not a directional device, and its 
ability to determine whether a fault is of single phase to ground 
type or not can still be tested for disturbances anywhere on the 
system, within its sensitivity limits.
Several sets of out of zone disturbance data were processed 
with the output at various stages of the phase selector, for one 
particular case, being presented in Figs 9.2 and 9.3. From Fig 9.2 
it is seen that during the pre-disturbance period the amplitude of 
the system noise was less than the minimum threshold level of 40.
This minimum setting, established from exhaustive simulation studies.
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was therefore justified by the actual system data. During the 
disturbance period, the waveforms show how one discriminant signal 
and its associated threshold level remain low, and the counter 
responses then indicate that the disturbance is in fact a fault 
involving the "a" phase and earth. There was no prior knowledge of 
the actual fault conditions since each set of the data was 
considered at random.
For completeness, the same data was applied to the main relay 
which indicated that the fault was behind the substation on another 
part of the system. Furthermore, the amplitude of the discriminant 
signals is only of the order of 100 quantisation levels, which 
suggested that the fault position was quite far away from the 
observation point.
The decision of the phase selector and main relay was endorsed 
when the CEGB operational records were consulted. An "a" phase to 
ground fault on the Deeside-Pentir section had been logged, with the 
































Fig 9.2 Discriminant signal and associated dynamic threshold 
variations derived from actual system data recorded 
at Cellarhead
(a) Discriminant signal variations
(b) Dynamic threshold level response 



































5 5 U "


























Fig 9.3 Signal variations at different output stages within the phase 
selector equipment when supplied with the actual system date
Minimum threshold = 40 quantisation levels
(a) Discriminant signal variations (D^, and D^)
(b) Dynamic threshold levels (L^, L^, and L^)
(c), (d), (e) Event counters (EC^, EC^, EC^)






A novel technique for reliable UHS single phase selection on 
EHV transmission systems has been developed. Problems commonly 
encountered with conventional phase selection equipment have been 
overcome and the compatability of the proposed scheme with high 
technology digital protection equipment has been proven. The 
essential requirements of any phase selection scheme employed in 
single phase tripping applications have been met, together with some 
desirable requirements hitherto unsatisfied by existing UHS phase 
selection schemes. Furthermore, the theoretically developed selection 
technique has been verified by preliminary field test fault data.
During the early stages of the project, research was dedicated 
to the development of UHS phase selection equipment based upon 
digitally derived modal superimposed components. Subsequently, a 
processing algorithm suitable for implementation with digital 
techniques was derived. The operating principle and the performance 
of the new selection scheme have been described, together with 
problems to be solved and the effectiveness of the respective 
countermeasures.
The phase selector principles are partly based upon the theory 
of invariant propagation characteristics of the natural mode
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components. During the initial fault period, the behaviour of the 
superimposed modal quantities is independent of the terminating source 
configurations behind the relaying locations. In addition, the 
discriminant signals are formed from a ratio of the aerial mode 
quantities alone, which remain unaffected and hence independent of 
any change in source zero-sequence conditions. The range of 
practical systems to which a phase selector of this type can be 
applied therefore include large integrated transmission networks 
with constantly varying source terminations.
The comparison and setting procedures are simplified by using 
only aerial mode components that relate to clearly definable propaga­
tion characteristics. Furthermore, the digital implementation of 
the selection algorithm is to some extent immune to processing 
errors, since each aerial mode is processed in exactly the same way. 
The ratio between the aerial mode components is therefore maintained, 
which ensures the reliability of the derived discriminant signals.
The new scheme has several distinctive features, the major one 
being its ability to perform correct phase selection from measurands 
comprising solely of voltage or current components or a combination 
of both. This property enhances the sensitivity characteristic of 
the phase selector, which therefore permits the latter to be applied 
to systems with a very large range of source capacities, varying 
between 1 and 35GVA. Moreover, the proposed scheme surpasses the 
performance of most conventional types of phase selectors under 
small signal conditions, one particular example being the case of
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faults involving very high values of fault path resistance. Reliable 
discrimination has been maintained by the newly developed selector 
beyond 600fi for single phase faults, which is a vast improvement over 
the absolute maximum value of 2000 quoted for existing selectors.
Another important feature of the algorithm is that travelling 
wave distortion does not degrade the performance of the phase selector, 
since the latter can operate upon measurands comprised of a wide 
range of frequency components. The amount of measurand preconditioning 
and hence signal group delay is therefore reduced to a minimum which 
enhances the speed of the selection equipment. Furthermore, the high 
speed of operation combined with the use of superimposed components 
was found to reduce the susceptibility of the phase selector to 
primary transducer errors. Many existing phase selectors suffer 
under conditions of CT saturation, but the new ultra high speed scheme 
operates before any such non-linearity can occur. Regarding CVT 
errors, the superimposed quantities greatly improve the effective 
signal/noise ratio in the voltage channel when compared with conven­
tional selectors measuring from the total variations produced following 
large sudden drops in primary system voltage. In addition, the 
inclusion of digital filtering within the selector further improves 
the transducer error rejection of the new scheme as a whole.
During the extensive testing of the new scheme, attention was 
paid in detail not only to the conventional fault conditions applied 
for performance assessment of existing phase selectors, but to many 
other abnormal situations. Specific examples of the latter include
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faults which give rise to unusual phase current distributions and 
evolving fault conditions. In the former case, where for example 
no aerial mode current components are available for comparison, 
reliable phase selection is still possible. This is because of 
the aforementioned ability of the phase selector to operate upon 
aerial mode voltage components alone, which are still present despite 
the absence of any aerial currents. For the latter case, the 
continuous monitoring of the discriminant signals enhances the 
security of the phase selector in that the single phase trip indication 
could be changed if the initial fault evolved into any other type.
The newly developed scheme therefore satisfies the essential require­
ment of phase selectors employed in single pole applications in that 
reliable phase re-selection is achievable.
The simulation results show the phase selector to have very 
good discriminative properties complemented with a very high speed 
of operation of typically 2 to 5ms for most fault conditions. An 
operating time of 2ms is the minimum figure which can be achieved by 
the new scheme, since the added security introduced into the decision 
process involves a multi-sample checking technique. When combined 
with the directional relay in single pole and three pole autoreclosure 
sequences, correct co-ordination of the relay and phase selector 
decisions enabled the successful opening and reclosing of the 
faulted phase poles. No significant delay is introduced into the 
decision of the protection scheme as a whole, since the difference 
between the phase selector and main relay operating time is at worst 
less than 1ms. Furthermore, any non-operation of the phase selector
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does not introduce any delay into the action taken by the overall 
protection because of the fail-safe mode which further improves 
the security of the protection equipments.
Some thought was directed to producing a segregated scheme 
capable of indicating the relevant phase pole, which when opened 
would clear both single phase faults and double phase clear of ground 
faults. Theoretical proposals were made, and from a phase selection 
point of view, the new ideas appeared to be sound. However, the 
lack of simulation techniques to provide switched reactor arrange­
ments for arc extinction purposes precluded any further testing of 
the proposed scheme during single pole autoreclosure sequences.
The new selection algorithm was exhaustively tested using the 
simulation programs of systems having various configurations. These 
include horizontal long line construction with shunt compensation 
(both with and without discrete transposition), and uncompensated 
vertical construction lines. In each case the simulation results 
showed the phase selector to have no performance deficiencies in 
terms of operating speed and reliability. The performance of the 
phase selector was also examined using some field test data derived 
from the CEGB transmission network. It was found that the selector 
performed satisfactorily for the fault condition considered (as 
confirmed by the CEGB service records), this being a single phase 
to ground fault. Although only one particular fault condition was 
considered (due to unavailability of any more practical data at that 
time), nevertheless the results for that study showed the validity
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of the phase selection technique considered in the thesis.
As mentioned previously, the phase selector was primarily 
designed to complement the aforementioned directional comparison 
scheme in a UHS, single pole autoreclosure unit protection scheme.
The selector was found to be directly compatible with the existing 
relay design in that the processing of the discriminant signals 
merely required extra software. The implementation of the new 
scheme as an integral part of the directional relay was therefore 
an attractive proposition, since this required no further modifica­
tions from a digital hardware point of view. However, this is not 
to say that the new phase selector could not be constructed as a 
stand-alone device for application with other protection schemes, 
in which fault type identification is of prime importance.
10.2 Future Work Proposed
The results and discussions at various stages of research, have
revealed the need for extensions to the existing work to be made.
These include:
(1) The testing of the protection equipment (main DWD and phase 
selector) during the dead time period of single pole autoreclosure 
sequences. In the event of a fault occurring on one or both of
the healthy phases whilst the faulted phase is isolated, the
behaviour of the phase selector and main relay could be 
investigated.
(2) The development of a software to simulate suitable reactor 
compensated schemes for arc extinction when only one pole is
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opened to clear interphase faults. This arrangement would 
permit the testing of the proposed segregated scheme when 
employed in SPA applications.
(3) The derivation of discriminant signals to allow the reliable 
selection of the faulted phases in the case of double phase to 
ground faults. This feature would enhance the capability of 
the existing phase selector, whereby a segregated scheme, 
capable of selecting one, two or three poles as required 
could be achieved.
(4) The extension of the method to double circuit and multi-terminal 
lines.
(5) Further field testing of the phase selector equipment to 
endorse the preliminary findings and to assess the response 
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The fault analysis algorithm is derived by making use of the 
modal c o m p o n e n t s w h i c h  can be used to extract classification 
features for the different types of fault. In general a fault on 
a three phase line will excite three modes of travelling waves. 
Even though these modes travel independently, the conditions at 
the fault location will be coupled. In order to analyse the modal 
behaviour at any point within the system, interconnected networks 
that are unique to each type of fault can be constructed.
The following analysis describes the construction of each 
particular interconnected network which enables essential fault 
point features to be calculated, such as reflection and refraction 
coefficients, and initial variations of each mode.
A1.1 Line to Ground Faults 
"a"-e fault
The voltage and current changes produced by a single line to 
ground fault in phase "a" are obtained by connecting a voltage
source :
V (t) = - —  . Vrms . sinCw-.t + 4>)h(t) . . . (1A1)fFa ^  0
and two current sources:
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= 0  . . .  (2A1)
= 0  . . .  (3A1)
to the fault location F, assuming that the prefault voltage in phase
/2V _ (t) = —  . Vrms . sin(w^.t + 4>)sFa /g 0
There are a number of transformation matrices [S] and [Q] which can 
be chosen to decompose the phase variations of the currents and 
voltages into modal components. If an ideally transposed single 
circuit line is considered, the form [Q] = [S] is given in eqn (4A1).
1 1 1
[S] = [Q] = 1 0 -2 . . .  (4A1)
1 - 1 1
The same basic transformation applies to the system currents. Now, 
converting to 1, 2, 3 modal components, eqns (1A1), (2A1) and (3A1) 
become :
Vfpa(t) = . . . (5A1)
Ifpy(C) = . . . (6A1)
IfPc(t) = 0 = . . . (7A1)
From eqns (6A1) and (7A1) we can deduce that:
_ . . (8A1)
. . . (9A1)
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Currents and voltages at the fault location are related independently 
for each mode by:
= 1/Zo(2) . v^p(2)(c) . . . (10A1)
.  i/zo(3) .
until the first reflection from the fault location arrives. From 
eqns (5A1) and (8A1), (9A1) and (10A1) it follows that:
VfF^^^(t) = Z0(1)/(Z0(1) + 2.Z0(2)) . V^p^(t) . . . (11A1)
= 3/2.(ZO^^ + 2.Z0(2))).v^p^(t) . . . (12A1)
V r _ ( ^ ) ( t )  = 1/2.(Zo(1)/(Zo(1) + 2.Zo(2))).v_^ ( t )  . . .  (13A1)
I r  t r  a
It follows from the foregoing analysis, and from eqn (5A1), that 
Fig 3.2(b) represents the equivalent modal circuit for "a"-phase to 
earth faults. Since both aerial modes propagate at the same velocity, 
and the assumption of ideal transposition is taken, further simplifi­
cation of the above equivalent circuit can be accomplished by
replacing the series combination of mode-2 and mode-3 by a single
mode, designated as mode-4. This hybrid mode must therefore have the 
following circuit parameters:
Zo(4) = 20^2) + 20^3) , . . (14A1)
. . . (15A1)
and = 1^2) ̂  I(3) . . . (16A1)
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Finally, by taking the assumption that = Z0^^\ ZO^^^ then
becomes:
ZO^^) = 2Zo(^) . . . (17A1)
Fig 3.2(a) can then be replaced by the equivalent interconnected 
modal network of Fig 3.2(b).
For the purpose of lattice diagram construction, the behaviour of 
an incident modal wave, at the point of fault, must be investigated.
The sudden application at the superimposed voltage at the instant
of fault inception, then causes simultaneous changes in (the
magnitude of which is given in eqn (11A1)) and (the magnitude
of which is obtained by adding eqn (12A1) and (13A1)). Subsequently, 
travelling waves of each mode propagate away from the fault point, 
but are reflected back towards the latter, from the terminating sources 
The speed and magnitude of these reflected waves, which are now 
incident on the fault point, are subject to the transit times, source 
and surge impedances of each mode.
Fig 3.3(a) shows the equivalent circuit presented to a mode 4 
voltage wave, magnitude (V.^^^), which propagates from a surge 
impedance ZI and is incident on the fault point F. From Fig 3.3(a),
it is seen that the effective Thevenin terminating impedance at F,
presented to the wave is:
ZT = 2Z0(2) // [ZO^I) // ZO^T)] . . . (18A1)
= ZO^^) ZO^^) / (2Zo(^) + Zo(1)/2) . . . (19A1)
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Now, the surge impedance = 2Z0^^\ hence by using Bewley
(32)refraction theory the transmitted and reflected components of 
mode 4 voltage are calculated from:
= 2ZT / (ZI + ZT) .
=  V . (4). [2Z0^^^ / ZO^I) +1] . . .  (20A1)
= (ZT - ZI) / (ZT + ZI) . Vi(4)
= / 2Zo(2) +1] . . .  (21A1)
The arrival of the incident, mode-4 wave at F therefore causes a change 
in the voltage (Fig 3.3(a)). Because of the network inter­
connection, it is seen that the relationship between the mode-1 and 
mode-4 fault point voltage must remain as:
or
for all time after fault inception.
Hence, any change in the mode-4 voltage V_ will cause an 
equal and opposite change in the mode-1 circuit. This shows that 
even in cases of no mode-1 incident waves, transmitted and reflected 
components of mode-1 are initiated by the arrival of the mode-4 
components. Furthermore, the two fault point voltages and
can be considered in terms of their own transmitted and 
reflected component.
147.
. . . (23A1)
V (4) = V (4) + V (4) . . .  (24A1)£r t r
By considering Fig 3.3(b), which summarises the situation at F, the 
following modal relationships can be obtained.
At a point just beyond F :
=  0
. . . (25A1)
and at a point just before F:
Vr ) + V + V. = 0
= - (V^(4) + V.(4)) . . . (26A1)
Hence, by substituting for and in (25A1) and (26A1)
we obtain V ^̂  ̂ and V as: t r
/ (1 + 220^4) / ZO^T)) . . . (27A1)
,, (1) = -V.(4) / (1 + 220^4) / ZO^I)) . . . (28A1)
^r
Similarly, it can be shown that an incident wave of modal voltage at 
F will not only produce mode-1 reflected and transmitted components, 
but will also give rise to mode-4 components, as shown in Fig 3.3(c).
A similar analysis can be carried out for the other phase to 
earth faults, the corresponding interconnected networks being shown 
in Fig 3.4 and 3.5.
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"b"-e fault
The fault point currents in all but the "b"-phase are zero, 
and with this constraint, it follows:
^fF ^ ^fFb^^^
Ipp(2)(t) = 0  . . .  (29A1)
IfF (t) = -1/3
The superimposed fault point voltage can be expressed in terms
of the modal component voltage at fault point, and it follows that the 
voltage V^p^(t) is given by:
Vjpb<t) = - 2V^p(3)(t) . . . (30A1)
Using the above constraints. Fig 3.4 represents the modal interconnection 
circuit for"b-earth faults. The mode 2 circuit does not exist for 
this fault, because of the assumption of ideal transposition the sound 
phase voltages are equal.
"c"-e fault
Fig 3.5 represents the equivalent circuit for "c"-earth faults.
The superimposed fault point voltage V^p^(t) is given by:
Vfpc(t) = . . . (31A1)
The fault point currents in all but the’b'-phase are zero, from which :
149.
= 1/3 IfFc(t)
= -1/2 Ifp^(t) . . . (32A1)
Ijp^3)(t) . 1/6 Ijj,^(t)
From the foregoing we can see the similarity between this type of 
earth fault and the "a"-e fault, the only difference being in this 
case the reverse polarity of the mode-2 voltage and current quantities.
A1.2 Phase to Phase to Earth Fault
As with the phase to earth situation, modal interconnected 
networks can be derived for the 3 types of phase to phase to earth 
fault.
"b"-"c"-e fault
The voltage and current changes produced by a line to line fault 
from phase "b" to "c” with solid connection to ground are obtained by 
connecting two voltage sources:
V (t) = -/2Vrms //J sin(w t + (f) - 120) h(t) . . . (33A1)rr D O
Vpp^(t) = -Ævrms //3 sin(w^t + cj) + 120) h(t) . . . (34A1 )
and one current source
IfFa^t) = 0  . . .  (35A1)
to the fault location F, assuming that the prefault voltage in phase 
"a" was:
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V „  (t) = Æ  Vrms / /J sin(w t + (j)) . . .  (36A1)sr a o
Converting to modal components, eqns (33^1), (34Al) and (35Al) become: 
VfFb<t) = - 2V^p(3)(b) . . . (37A1)
Vfp^(t) = . . . (38A1)
and
Again, currents and voltages at the fault location are related indepen­
dently for each mode by eqn (10A1), until the first reflection from 
the fault location arrives. From eqns (37A1), (38A1) and (39&1), it 
follows that:
Vpp(1)(t) = Z0(1)/(2Z0(1) + Z0(2)).(Vpp^(t) + V^p^(t))
. . . (40A1)
Vpp(2)(t) = Vpp^(t).[(ZO^^^ - Zo(2))/(4zo(T) + 220^2))]
- V^p^(t).K2o(1) + 220^^^)7(420^^^ + 220^^^)] . . . (41A1)
V^p(3)(t) = Vpp^/t).[(20̂ 1))/(420̂ 1) + 220̂ 2))]
- V^p^(t).[(2o(1) + 2o(2))/(4zo(1) + 220^2))] . . . (42A1)
(2) (3)The modal components 1^^ , 1^^ are associated with a common
propagation characteristic and can be replaced by an equivalent mode-4 
current and eqn (39A1) becomes:
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. . . (43A1)
Likewise, the superimposed fault point voltage can be expressed in 
terms of the mode-4 voltage:
(VfFb(t) + VfFc(t)) = 2VfF^'^(c) -
= 2Vpp(1)(t) - V^p(4))t) . . . (44A1)
It follows from eqns (43A1) and (44A1) that Fig 3.6 represents the 
equivalent circuit for "b"-"c" to earth fault.
An analysis similar to that presented for phase to earth fault 
to determine the reflection and refraction coefficients at the fault 
point reveals that for "b"-"c"-earth fault the terminating impedance 
assuming an incident wave of mode-1 voltage, arriving at the
fault will have the form:
ZT = 2Zo(^)// (ZO^^)// ZO^^))
= 220^1). 20^2) / (420^1) + ZO^^)) . . . (45A1)
and
21 = 220^1) . . . (46A1)
By substituting the values of both terminating and incident impedance 
found from the equivalent circuit shown in Fig 3.6(a), in eqn (47A1), 
the transmitted voltage of mode-1 will have the form:
V (1) = 2[2T/(2T + 21)] .
 ̂ . . .  (47A1)
= / [1 + 220^^Vz0^^^]
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Similarly, the reflected component can be evaluated by substi­
tuting the above corresponding values of ZT and ZI in eqn (A8A1) and 
will be given by:
= [(ZT - ZI) / (ZT + ZI)] .
. . . (48A1)
The mode-4 reflected and transmitted voltage component at the fault
point due to the incidence of mode-1 wave voltage component can be
obtained by referring to Fig 3.7(a). It can be seen that just after
the arrival of we have:1
. . . (49A1)
and just before the arrival of
V = 2V.(1) + 2V (1) . . .  (50A1)r 1 r
Substituting for and found above, eqns (49A1) and (50A1)
become :
= 2V-^^^ / (1 + 220^1 )/Z0(2)) . . . (51A1)
= 2V^(1) / (1 + 22o(^)/2o(^)) . . . (52A1)
The reflection and refraction behaviour at the point of fault due to 
the inception of mode-1 voltage component is as shown in Fig 3.7(a).
A similar analysis can be carried out to study the effects of a mode-4 
voltage wave arriving at the fault point, the result of which is 
depicted in Fig 3.7(b).
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The remaining types of line to line to ground fault can be studied 
in a similar manner after deriving an appropriate modal network inter­
connection for each particular type.
"a"-"b"-e fault
The fault point current for the "c"-phase is zero, and with this 
constraint the modal currents at the fault point are given by:
= 1/3 ( I f p g ( t )  + . . . (53A1)
= 1/2 I j p g ( t )  . . . (54A1)
.  1/6 -  1/3 . . . (55A1)
Hence,
. . . (56A1)
and the superimposed fault point voltage (Vpp^(t) + Vpp^(t)) can be
expressed in terms of modal voltage as:
VfFa( t )  + VfFb(t )  = 2V jp^1 / ( t )  + _ V ;p (3 ) (c )  . . (57A1)
The aerial modal components are associated by common propagation 
characteristics and can be represented by an equivalent mode-4, such 
that eqn (56A1) and (57A1) can take the form:
. . . (58A1)
and
VfFa(t) + Vfpb(t) = . . . (59A1)
Fig 3.8 represents the equivalent interconnected modal component 
circuits for "a"-"b*'-earth faults, this being very similar to the
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"c"-"b"-e case due to the structure of the transformation used.
"a"-"c"-e fault
The modal currents at the fault point, with the constraint of a 
"b"-phase current equal to zero, are as given by eqns (60A1 - 62A1).
= 1/3 + Ippc(t)) • • • (60A1)
= 1/2 (I^pa(t) - Ifp^(t)) ■ • ■ (61A1)
Ipp(3)(t) = 1/6 (Ifp^Ct) + Ifp^(t)) . . • (62A1)
Hence,
The following voltage relationships can be used to obtain the super­
imposed voltage at the fault point:
Vppa(t) + Vppc(t) = 2(V^p(1)(t) + Vpp(3)(t)) . . . (64A1)
and
VfFa(t) - . . . (65A1)
From the foregoing we can conclude that the mode-2 modal circuit is 
separately connected and has a reflection coefficient at the fault 
point of -1, since, due to the transformation, the unfaulted phase is 
not included in the mode-2 combination. Therefore, to represent such 
a fault we need two different modal interconnected circuits, one 
which comprise a combination of mode-1 and mode-3, and another 
comprising of mode-2 only as shown in Fig 3.9.
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Al.3 Phase to Phase Fault Without Ground Connection
"b"-"c" fault
The voltage and current changes produced by a line to line
fault clear of ground from phase "b" to "c" are similar to that obtained
for the "b" to "c" to ground fault condition. The phase currents at the 
fault point are related to their modal currents by:
= . . . (66A1)
Ippb(t) = - 2Ipp(3)(t) . . . (67A1)
IfFc(t) = • • • (68A1)
It is important to note that the superimposed current at the fault 
location for phase "b" and "c" are equal and opposite.
By combining eqns (67A1) and (69A1) it follows that:
. . . (70A1)
IfF^’^t) = 0 . . .  (71A1)
The modal currents and voltages at the fault location, until the first 
reflection arrives, are related independently for each mode by the 
relationships shown in eqn (10A1). Therefore,
= 0  . . .  (72A1)
= -Vpp(3)(t) . . . (73A1)
156.
Combining eqns (36A1), (37A1), (72A1) and (73A1), we obtain:
= 0  . . .  (74A1)
= (Vpp^(t) -  V p p ^ ( t ) ) /4  . h ( t )  . . . (75A1)
= - (Vppy( t )  -  V p p ^ ( t ) ) / 4 .  h ( t )  . . . (76A1)
The interconnected modal network circuits shown in Fig 3.10(a) represent 
the case for "b"-"c" fault clear of ground. In this case, it turns out 
that the incident modal voltage component is reflected at the fault 
point with polarity reversal, as shown in Fig 3.10(b).
The same basic technique can be extended to any type of pure 
interphase fault. Fig 3.11(a) and Fig 3.12(a) showing the equivalent 
modal interconnection circuits for ("a"-"c") and ("a"-"b") fault 
respectively. The corresponding reflection and transmission coefficients 
for each fault are then obtained from Fig 3.11(b) and 3.12(b).
A1.4 Three Phase Fault 
"a"-"b"-"c" fault
The summation of the superimposed voltages and currents at the 
fault point are equal to zero.
VfFa(t) + VfFb(t) + VfFc(t) = °
and
Therefore:
V^p(^)(t) = 0 and I^p/^^(t) = 0  . . .  (79A1)
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= 1/2 (Vpp^(t) -  Vpp^(t ))  . . . (80A1)
= 1/3 (1/2Vpp^(t) -  Vpp^(t) + 1/2Vpp^(t))  . . . (81A1)
Combining eqns (77A1) and (81A1) we obtain:
V p p (3 ) ( t )  .  1/2 (Vpp^(t) + V f F c ( t ) )  . . . (82A1)
Eqns (80A1) and (82A1) lead to the conclusion that each aerial mode has 
a separate connected network as shown in Fig 3.13; therefore the 
mode 2 and mode 3 components are totally reflected at the fault point. 
This balanced fault condition does not initiate earth mode components.
The values of V^p^^^(t) and V^p^^^(t) for all types of
fault are listed in Table 3.3.
Table 3.4 gives the values of the modal voltage components at 
the fault point for all different types of fault, assuming that the 




PHASE SELECTOR SETTING PROCEDURE
The particular application under study is described in detail 
in Chapter 5 and the relevant variables for calculating the hardware 
gain factors are as follows:





Line Length , L
p.p.s. line impedance
Aerial mode surge impedance







270 ohms (see Chapter 5) (primary) 
270 X (110/500.103) X (1200)
71 ohms (secondary)
A2.1 Current Interface Gain Ki
From equation (4.10),
Ki = 10/(2x Æ  X ic)
where Ic is the rms value of the secondary phase current which would 
just cause clipping. Ic is calculated as the maximum through 3 phase 
fault current. Î ,, plus the maximum expected load current, Î .̂
Then,
159.
Ic = Ip + Ip/2 . . . (A2.1)
and
I_ = V , /(ZL1 + ZS1) . . .  (A2.2)F phase
where
ZL1 = line p.p.s. impedance
.29 X line length 
= 0.29 X 300
= 87 ohms
ZS1 = source PFS impedance
= (500 103)2/35 10^
= 7.1 ohms
Hence,
Ip = 500//3 / (87 + 7.1)
= 3067 amps (primary)
or Ip = 2.55 amps (secondary)
Now,
Power = /3 I^ cosG . . . (A2.3)
and, taking a typical power factor of 0.8:
Ip = 1660 X 10® / (/3 x 500 x 103 ^ 0.8)
2396 amps (primary)
= 2 amps (secondary)
Hence,
Ic = 2.55+1.0 = 3.55 amps
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This figure is the exact current that would cause clipping, but in 
practice a factor of safety is introduced and hence a more suitable 
value for this particular application is = 6 amps. This gives:
Ki = 10 /(2 X X 6) = 0.589
A2.2 Voltage Gain, Kv2
From a knowledge of Ki and Kv, the second voltage Kv2 is 
calculated from equation (4.14):
Kv2 / 2^ = Ki / (Kv . Ro)
= 0.589 / 0.0557 x 71
= 0.15
and to ensure 0.5 < Kv2 < 1, 2^ = 4 
Hence,
Kv2 = 0 . 1 5 x 4
0.6
A2.3 Filter gain Kf
The digital filter gain Kf is a frequency dependent parameter.
The overall 50Hz gain can be calculated as:
^overall ~ kintegral^ x kdiff . . . (A2.3)
where:
kintegral is the intermediate gain at the output of each 
integration stage and is obtained by substituting in eqn (A2.4).
^integral ^ (sin(m+1)0/sin0) . . . (A2.4)
where 0 = o)t /2, and x = 0.25ms and m = number of stages (m=6) .
Hence, k.  ̂ - = 6.9.integral
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The gain is the output gain of the two differencing stages:
k, .rr = 4 sin^dOoox) . . . (A2.5)(lit r
=  2
By substituting the differencing and integral gains in equation (A2.3) 
we obtain:
kp = 95.6/8 = 11.95 . . . (A2.6)
It must be noted that the overall gain calculated above assumes 
the gain of the superimposed component extraction circuit, K^, to be 
unity.
